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DAMPING AND ISOLATION

DESIGN OF A DAMPED MACHINERY FOUNDATION

FOR HIGH-SHOCK LOADING

F. V, ThU11:1.
Annaluldh D[•i'v95on of Navaii Ship Reý,,Itlsi

and Development Center P

Anum.poh, Mar -yia rnd

A si•imlified design procedure in met furth for pipe %xkhhin

a-pkpe members supported by a vi coelastic .dhe.me. "'Th.

safety of the design procedure has bee. verified bv three

separate exposures to high-shock testing.

INTRODUCTION hull. The foundation to be evaluated must then
be fabricated on the hull share. Loading of the

The design of machinery foundations using foundation requires the use of shipboard-type
elastic materials has been advanced to a rela- isolation mounts supporting a mass simulating
tively sophisticated state by Belsheim and the shipboard machine This procedure re-
O'Hara for impulsively loaded structures [ij. quires design s'niulation of the hull structure
However, their method becomes analytically of the ship plus nonresonant machine-simulation
unmanageable if a viscoelzatic material is in- masses.
corporated as a load-carrying member in the
design. When such a viscoelastic material has The design procedure discussed in this
a high damping coefficient, plus normal non- paper was developed specifically for a pipe
linear elastic properties, the differential equa- within a pipe supported by a viscoelastic cylin-
tions of motion of the dynamic analysis method der adhered to inner and outer elastic pipes
grow beyond the capabilities for solution of the (Fig. 1). This foundation member was devel-
large_ t eomputers. uped ior vibration attetuation ol tIe attached

machinery. The design for shock safety in

Prior to the development of the dynamic combat vessels is required for containment of
analysis method for shock design, the only supported machinery.
available methods for evaluation of a design
were shock machine tooting or explosive test-
ing on a shock barge facillity. These methods VISCOELASTIC MATERIAL
are adequate for testing damped structures, but PARA-METERS
are primarily designed for testing machinery
rather than foundation structures. For ma- The viscoelastic material used for the
chinery foundation structures designed to be pipe-in-pipe leg is a lead-filled, flexible epoxy
attached directly to a ship hull, rather than to a resin. This material, like most long-chain,
deck or Intermediate structure, the shape of cross-linked polymeric materials, is highly
the hull as it affects the foundation must be rate sensitive for shear loading beyond the
simulated for testing on a shock machine. This nonreversible loading limit. This rate sensi-
requires fabrication of an intermediate simulated tivenesa is caused by the superelastic uncoiling

*The opinione and .assertions herein are those of the authoz knmd .are not to be construed .16 th-c of

the Annapolis Division. The Center. the Navy, or the naval service at large. I
1i
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of croes-linked molecular structure. This dif- I I
ference in rate was measured experimentally - o 1 L L __

on a testing machine with a prograxmable rate 0 05 2 26

of force application up to 1000 lb/sec. With 0R&ORMATION ON)-4

500 and 1000 lb/sec as loading rates on mAny
samples of pipe-in-pipe specimens, the stress- Fig 2. I t resmdehorilTattln Lurves

deformation curves seen. tit Fig. 2 were gener-
ated. The linear stress-deformation portion of length of viscoelastic adhesive required for a
the curve terminates at a shear stress level of pipe-within-a-pipe foundation is
510 psi. Beyond this point all the way to fail-
ure, superelaBtic nonrecoverable, rate-sensitive r 'A srz
deformation occurs- Failure occurs at te saine % . s '"i
shear deflection, regardless of loading rate.
The average failure stress of samples at the where
1000 lb/aec ioading rate was 40 percent higher

-Uan the averAge failusie tLrebb [or ihe uamples w ',- iJ._r..',hine in pounds,
tested at the 500 lb/sec loading rate, The test-
Ing machine data (Fig, 2) do not approximate N sh, ... -.: . mber from Fig. 3,
the high loading rates of shock inputs. They do,
however, provide an indication of the added de- 1.; 4! 6.
sign factor of safety owing to the compositvn of
the viscoclastic adhesive used in the pipe- joti-.,• ameter of inner pipe in
within-a-pipe leg. , -q

DESIGN PROCEDURE EXPERIMENTAL EVALUATION

The testing machine data on the vwscuelas- This method has beer .,,?d successfully for
tic adhesive will be used as design stiess loaui design of a double-damped porta- frame founda-
at the extent of the repeatable shear stress- tion, a highly damped torsional-beam foundation,
defoi-mation limit of 510 pat This limit is used and a braced cantilever foundation for shipbard
with Navy shock-design curves (Fig. 3) to de- use. These f-und-tiuas were tested on a me-
termine a total shock design number (SDN) dium weight shock machine under MIL-S-901C
based on the Installed A eight of machinery, specifications with no damage. A foundation was
With the viscoelastic adhesive data from the also designed for future evaluation in a N-v'al
testing macnine used as a base, the total shear Research vessel under explossive loading.

2
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CONSTRAINED LAYER DAMPING WITH PARTIAL COVERAGE

David S. Nokes and Frederick C. Nelson
Tufts University

Medford. Massachusetts

A theoretical and experimental study is presented for the damping of
beams by constrained viscoelastic layers when only a portion of the
beam is covered. The results of Ungar and Kerwin are extended to
nonsinusoical mode shapes and to partial coverage in which only the
central portion of the beam is covered with a constrained viscoelastic
layer. Both theory and experiment show that for stiff viscoelastic
layers the loss factor is greater for partial coverage than for full
coverage.

INTRODUCTION coverage. These tests indicated a peak in the
damping at about 60 percent coverage of the

This paper deals with the damping of beams beam. While no other cases of increased
by constrained viscoelastic layers when only a damping with reduced coverage have been re-
portion of the beam Is covered. A layer of ported in the literature, comments at the pre-
viscoelastic material is applied to one surface sentation of their paper indicated that other
of the beam and covered with a metal constrain- people had observed this effect but had attrlb-
ing layer. This produces large shear strains uted it to experimental error. At that time
in the viscoelastic layer and, thus, high damping. there was apparently no theory available for

predicting the effect of partial coverage.
The first treatment of this problem appears

to have been by Kerwin [1] in 1959. Shortly As a result, it was decided to conduct a
thereafter a more general treatment was given theoretical and experimental study of the ef-
by Ross, Ungar, and Kerwin [2]. They later fects of covering only the central portion of the
developed a simpler method of derivation using beam and also evaluating the effects of different
energy mnethods (3], which led to the currently beam end conditions. In this paper, a theory is
accepted Zorm of the equations for the loss fac- developed that is applicable to any symmetrical
tor of the beam [4] Their results have since boundary conditions and assumes the mode
been extensively checked against experiment, shape is the same as that of the corresponding
the most complete works being by Yin et al. [5] undamped beam. The theory predicts that for
and Ruzicka et al. [(]. These works report good stiff viscoelastic layers the damping will be
agreement for the case considered by the Ungar higher for partial coverage than for full cover-
and Kerwin theory. age. The loss factor was measured and agr ed

with the theory to within limits of accuracy of
d The theory of Ungar and Kerwin was the property data.

; derived for an infinitely long beam with a

sinusoidal waveform. The theory applies to a
pinned-pinned finite-length beam but not to ANALYTICAL
other cases of finite beams. DiTaranto [7,8]
has developed a general theory that is valid for The following derivation uses the same
any end conditions but still assumes the entire assumptions as the Ungar and Kerwin theory
beam is covered. [4], with two exceptions. The mode shape is

assumed to be the same as that of the undamped
Recently. Yoos and Nelson 19], in attempt- beam, but not necessarily sinusoidal. The mode

ing to damp floor panel vibration in a building, shape for any symmetric boundary conditions
performed tests that indicated that partial can be used. Also, only a fraction of the beam
coverage could give as much damping as full is assumed covered. The damping layer is a

5
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e'#tgle section of length t which it centered on Using these equations and the stress-strain
.8 length of the main beam as shown in Fig. 1. laws, the following equation is found for . inn

terms of the beam slope, o, and constants (see
Ref. [10] for a detailed derivation):

-d23
-..Widthd3 RS M -Rlb

T- where

Fig. 1. Beam and damping
layer geometry O = h)(4)

c1 + h+ c3

A dilferential equation is developed for s, H(5)
the horizontal displacement of the neutral axis .(I.
of the constraining layer. The viscoelastic E7,
material is represented by a complex modulus
G = G ' + W " = G ' ( I + i G) . In a ll th e fo llo w i ng x(6 )

equations, steady-state sinusoidal motion is L
assumed, that is, all quantities can be taken as
multiplied by ell' where w is the frequency of If x r 0 at the center of the beam, then the
oscillation, mode shape for any symmetric boundary corli-

tions is given by
The geometry of deformation is shown in

Fig. 2. From the geometry, the shear strain in y = cos ), + a cosh X, (7)
the viscoelastic layer, P, is

for symmetric mode shapes, and
8 3- 8 1 - ( c, + h + C O) ) s in - + c minhn (8 )

h

For equilibrium in the x direction of the con- for antisymmetric mode shapes. The solution
straining layer, the tensile force in the con- is given below only for the symmetric modes;
straining layer, FP, and the shear stress in see Ref. [10] for thhe antisymmetrc mode son-
viscoelastic layer, ý, are related by tion. The damping layer is assumed to cover a

fraction of the total beam length, 0 = 4/L.

dF_ (2) Using the symmetric mode shape and the
dX boundary conditions of s 3 0 and 6 0 from

and ralleq riu In the x direction gives ymmetry and d•/dK r 0 at . - 0'2 for a free
Mand oi eti tos end of the constraining layer givesUe teriist 'oY-ce n he - bar-e , ea , equal to

Fb = - sin k' - - ]M• sinh X f

(0 X +oh R) cohV- (.0 -R) 2

Ha, 2-. (9)R

The tensile strain in the constraining layer is
the derivative of Eq. (9) or

1 d83

F D. (- cos X- B coshX,4 + E cosh VT ) (10)Fig. 2. Geometry .
of deformation where

6
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+ Li
HR ! Y --A(sin •- Buinh • + C iniivVll) (14)

|+ •-• L (11) where

, R E(12) A.(+ (15)

! cos X + B cosh A 2 (13) C -- E" (16)

! ~Using the energy expressions of Rlef. [3J,
*By substituting into Eq. (1), the shear strain in the loss factor of the beam Is given In terms of

the viscoelastic layer Is found to be the strain energies by

•G'h I+1 ;R

/'GA, 11i )

fIL 2 (ds) 2 dE+ -- 2 (•'•f d'+G°A2 L <(1) 2 (

Because all quantities containing R are For full coverage, Yin et al. [5] had Bug-
complex numbers, the expansion of Eq. (17) gested1 using the Ungar and Kerwin theory modi-
is lengthy. The complete set of resulting fled by substituting an equivalent wavelength
equations and a Fortran compu~ter program for equal to 1.10 1.. Results using this assumptioncalculation are given in Ref. (lQU. are compared to the present analysis in Table 1.

Thus. it appears that this procedure is not a
The loss factor was calculated for a rec- valid extrapolation of the Ungar and Kerwin

tangubar steel beam (0.125-)a. thick, 2.0-in. theory.

wide, 20.0-in, long) with a 0.050-in. thick
viscoelastic layer and a 0.031-in. thick steel Rt h the ratio of the stiblness of the visco-

constraining layer. The material loss factor /3, elastic layer in shear to the tensile stiffness of
was taken as 1.0 and the shear storage modulus the constraining layer. It can also be viewed
G', was varied to give different values of R' (the as a measure of the coupling between the main
real part of ii). The resulting damping vs frac- beam and the constraining layer (see Fig. 4l).
tion of length covered for a free-free beam in As R' -d0, the two layers deform independently
the first mode is shown Ii. FIg. 3. with no stretching of the constraining layer. As

0.28$

LO$S 0.20

('1) 0.10

0.10

0.00 0+,OS 010 02..0 0 O.BO 0.80 O.eo O? 060 0.0 0.0I FRACTION OF LENGTH COVER•D (.'/L,)

Fig. 3. Damping vs coverage, first free raree mode
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T,• ;LR 1 has zero cv mttLre at the ends, but a peak at
Compartnon of s F ,ctors for Fully the center, the thear strain at the end of the

Covered Free .Free Beams damping layer will rise as coverage to reduced,
.. as sh•wu I,. Fig. 5. Thus, larger shear strains

i fr)m j from Modified occur fr tess coverage but the length over
Rf preant Ungar and which the icelspatton can accumulate is reduced.

ApJlysib Kerwin Theory These cc-aipeting effects result in a maximum
of damp?-.g at some partial coverage.1.0 J.162 0.066 -

6.0 0.238 0.222 T:'is sutlysts As; also been applied to a

20.0 0.132 0.239 fixee-•xed beam that has a• maximum curvature
100.0 0.036} 0.095 a- the ends and a loal maximum at the center ,

(ree Fig. 6}). As the explanation above implies, a
For large oR the lst factor has a maximum at
full coverage and another peak at partialS• coverage.

EXPERIMENTAL

To measure the beam lose factor, ateadyo
Fig. 4. Deformation for state forcing In the first free-free mode was

low and high R' employed. A schematic diagram of the test

setup is shown in Fig. 7. The test beam was
mounted on a load cell to give the force input to
the beam. An accelerometer was used to give

R4 - , the lavers are rigidly coupled together an approximate center amplitude. For more
and deform as a single Bernoulli-Euler beam. accurate center amplitude measurements, as

well as amplitude measurements at other pointa
For small R', the damping decreases con- along the beam, a traveling telescope was used

tinuusly as coverage is decreased. This is to sight on a line on the beam, which was frozen
expected because if the constrainintg layer has by a stroboscope.
not stretched, the shear strain at any point ts
independent of the fraction covered. Removing The loss factor was obtained from the force
coverage simply eliminates a portion of the required to drive the beam at resonance and
vlacoelAstic material without affecting the also from the bandwidth to half-power points.
energy stored in the remainder, thereby re- A test beam of the same dimensions as that
ducing the loss factor. used in the theoretical calculations was used.

Du Pont LR3-606 was used as the viscoelastic
For large R', the damping initially in- material. Du Pont data indicated W' = 8200.0

creases as coverage is decreased. In this pal (therefore, R' = 80.0) and 0 a 0.73 at the test
case, the stretching of the constraining layer conditions of 105 Hz and 770F. The results are
hab an important effect. As coverage ts re- shovn in Fig. 8. The data shows good agree-
moved, the end of the layer will contract. ment, with some indication that the effective
Therefore, the shear strain at any point in the shear storage modulus is less than that givenj remaining viscoelastic material will increase. by Du Pont.
In effect, for very large R', the shear strain
tends to concentrate in a boundary layer at the The assumption that the mode shape re-
ends of the constraining layer.* Thus the mains the same as that of the undamped beam
energy dissipation will depend mostly on the was checked by measuring the mode shape at
beam curvature beneath the ends of the con- different coverages. The maximum error of 5
straining layer. Because the free-free beam percent of the tip deflection occurred for 40

percent coverage as shown in Fig. 9. Because
this was a very heavy damping treatment, It Is

*This tendency is evident in Eq. (3) if it is writ- concluded that the assumption of constant mode
ten In the form shape is valid for any practical damping layer.

I - S - 19 0. CONCLUSIONS

As S -. R . the coefficient of the highest deriva- I. The theory can predict the damping for
tive approaches zero. This behavior is char- partial coverage of any beam with symmetric
acteristic of boundary layer problems [I I]. boundary conditions.
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DISCUSSION

Mr. Conlisk (Monsanto): I got the lmpres- frequency or a band of frequencies? A con-
sion that you took only the shear of the damping strained layer treatment is very frequency
layer into account, as Kerwin and Ungar did. sensitive. Might this have given a frequency
However, you also stated that, with the stiffer effect?
damping materials, you got some stretch in the
con6training layer which implies stretch of the Mr. Nokes: No, those datz are all at the
viscoelastic layer; yet your experiments agreed. first free-free mode so there is comparatively
Do you have any explanation for that ? little variation in frequency, but 11ore was

some variation. It varied from about 100 to 80
Mr. Nokes: Probably the easiest way is to Hz as a result of changes in natural frequency

look at it in terms of the energy stored in each of the overall configuration; but the theory
of these different types of things. As a matter curve has, in fact, been corrected for this. In
of fact, Ungar and Kerwin do allow stretching of other words, I used the manufacturer's property
the constraining layer, although it is not quite data variation over this frequency range to cor-
as obvious. Even with the stiff material I used rect the theory curve.
here, we are still talking stiff moduli, which
means about 8000 psi as compared with a Mr. DiTaranto (PMC Colleges): I think
modulus of 30 million psi for steel. We also your work ts very interesting. I wonder if you
know that the tensile strains are going to be have given any consideration to the effect of
about the same order of magnitude. Therefore what you found on the higher modes?
the actual tensile strain energy in the visco-
elastic material is simply negligible. Mr. Nokes: The theory was developed to

the extent that the computer program, in fact,
Mr. Bleaner (Lord Manufacturing Corp.): calculates answers for the higher modes; how- -

When you tested this, did you use one particular ever, I did not do any experimental work on the



higher modes. My assumption that the mode Mr. Nokes: What I had on the curve was
Oha •t say the same as those of the undamped the real part of the parameter. In other words,
beam is hi"gly questionable at the higher modes. It was just the real part of g in the equation.
If you want a guess, I would say that I might What a realistic value is depends pretty much
have been able to do the third mode with this on what you have available for material. If you
sort of analysis. I certainly would not have were going to use the previously available the-
been able to do something like the sixth mode. ory you would have said that for this geometry

you wanted an R of 1 to 5, simply because it is
Mr. Brooks (NASA. Langley Research Ctr. . in this region that you had a very inefficient

I notice that you had R as a ratio which was the layer. One of the materials that was available
extensional stiffness of the layer on top of the to me just happened to be quite stiff. There
beam. I believe you had numbers o R up to 100. would have beent no way of using that material
What Is a realistic value for R? Was the R that althougiv It might be very good otr other pur-
you had on your curve the absolute value of the poses. In that case using the value of R quite
magnitude of that parameter? high might be practical. The experimental

beam, for instance, had an R value of 80.
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THE EFFECTS OF ROTATORY INERTIA AND

SHEAR DEFORMATION ON THE FLEXURAL VIBRATIONS

OF A TWO-LAYERED VISCOELASTIC-ELASTIC BEAM

T. Nicholas
Air Force Materialo Laboratory

Wright-Patterson AFB, Ohio

The equations of motion for a two-layered sandwich beam consisting of viscoelastic
and elastic layers have been solved considering the effects of deformation cwing to
shear and rotatory inertia. It in shown that the effects of rotatory inertia may be
neglected for flexural vibrations of most beams, while the effects of shear defor-
mation are small in calculations relating moduli to frequency. For calculations
relating the damping of the composite to the damping of the viscoelastic layer, it is
shown that shear effects are not always negligible, and curves are presented show-
ing the errors involved when using "elementary beam theory" in which shear de-
formations are not considered.

INTRODUCTION the flexural and shear vibrations are generally
coupled together. Hence the knowledge of the

The analysis of the flexural vibrations of effects of shear deformation and rotatory iner-
beams is commonly carried out with the aid of tia on the homogeneous beams is of little help
the well-known Bernoulli-Euler beam equations in weighing their effects on multilayered beams.
in which it is assumed that plane cross sections These effects will depend In general not only on
before deformation remain plane and perpendic- the frequency (and wavelength) of the vibration
ular to the center line after deformation and, but on parameters such as the ratio of thick-
furthermore, that rotatory inertia effects are nesses of the layers and the modulus ratio.
negligible. This analysis is known to be accu- Equations including these effects have been
rate for low frequencies but becomes less ac- derived prev!ously for many diiferent geome-
curate as the vibrational frequency Is Increased tries [3] but solutions have been obtained only
and is quite inaccurate at frequencies near the for very specialized cases because of the com-
first thickness shear mode of a beam. Although plexity of the equations. In particular, the
these remarks apply to a beam of an elastic three-layered sandwich beam havlf.g thin iuotal
material, they are no lees true for the analysis facings and a soft thick core has been studied
of a beam of a viscoelastic material if the elas- previously in Ref. [4] where it was pointed out
tic modulus E ti replaced by the complex that for certain geometries the predominant
modulus EJ( - i01). deformation mode involved shear deformation

in the core. For other configurations, it is
For improved accuracy in the analysis of generally difficult to assess the Importance of

such beams at higher f. 'equencles, one may in- shear deformation from physical intuition with-
elude the effects of rotatory inertia In the equa- out solving the equations of motion.
tions of motion [11, and for a more accurate
solution the effects of deformation owing to One of the more common experimental
shear must also be considered (21, The result- techniques for determining the complex modulus
Ing equations are the Timeohenko beam equa- of a viscoelastic matorial ts to sandwich it to
tions which are known to be accurate up to the an elastic beam and observe the vibrational
first thickness shear frequency of the beam. modes of the two-layered composite. This

technique was first proposed by Oberst (51 and
In considering vibrations of multilayered has been used by Schwarzl (6] and subsequently

beams of different materials, the analysis takes by many other investigators. The analysis is
on added complexities. In these configurations based on the assumptions of simple beam
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theory; namely that plane sections remain plane , Coordinate along axis of beam
and perpendicular to the deformed neutral axis
of the beam. In other words1 the effects of do- I Logarithmic decrement, variation
formation owing to shear and rotatory inertia ?, Lose factor for viscoelastic material
as not considered. The question of the validity A Wavelength
of this assumption arises because there it a
tendency to use this experimental technique for 4 Wave number
matertals having wide ranges of moduli and
damping and a wide range of thickness ratios.
It was therefore decided to check the validity of Rotation of cross section
the assumptions inherent in the Oberst beam Circular frequency
calculations by performing a more rigorous
analysis of the problem and comparing results. 0 Reference frequency

!I * Superscript denoting dimensionless
In this paper, the effects of deformation quantity

owing to shear and rotatory inertia are studied
separately for a two-layered beam of materials I Subscript denoting viscoelastic layer
having different moduli and thicknesses by first 2 Subscript denoting elastic layer
solving the appropriate differential equations of
motion for free undamped vibrations, The
method is extended to the case of a viscoelastic ANALYSIS

layer sandwiched to an elastic layer by Intro- Elastic Beam
ducing the complex modulus into the equations The equations of motion of a two-layered
of motion and through the Introduction of a beam are derived first for the case where both
"complex frequency" into the free vibration layers are linear elastic materials. The beam
solution. Finally, the calculations from ele- shown in Fig. 1 is analyzed by applying Hamil-
mentary beam theory for the loss factor, n. of ton's principle for a conservative system in the
the viscoelastlc layer from the damping of the form
composite beam are compared with those from ,
a more exact theory which considers the effects 6 (T-U)dt + SW dt-O
of shear deformation. The rosults are com- 0 ft I d
pared for a wide range of geometric and mate- 0 0

rial parameters and are presented in graphi- where the first term represents the variation of
cal form. the kinetic minus potential energy of the enttre

system from some initial time, t, to some

NOMENCLATURE other time, t. W represents the work done by
external forces acting on the system and will be

E Young's modulus taken as zero hereafter for the case of free
vibrations.

G Shear modulus

h Thickness M.
i Unit Imaginary number h, u,

I Moment of inertia about center of layer

% Dending moment h w

t Length of beam ,,

' N Axial force

0 Transverse shear force

t Time Fig. 1. Notation for

T Kinetic energy two-layered beam

u Dtsplacement component along axis of beam

u Potential energy Both layers of the beam are treated as

, Displacement component normal to axis of Timoshenko beams including the effects of re-
Sbeam sultant normal forces. This analysis thus as-

sumes that plane sections of each layer remain
S W Work of external forces plane but not necessarily perpendicular to the

14
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deformed centerline, that Is, shear deformation j3f -I j.h3 *h 2is considered. In addition, the effects of rota- G.hI * 4. Eiji 2x __ __

tory inertia are considered. The width of the A '-2 2
beam ts taken as unity in all subsequent dia-i cuadion. ,•v: hh3 JJUo

Subscripts i and I are used to denote the 2
top and bottom layers of the beam respectively,
the top layer being the one with the lower
modulus. The rotation of a cross section and * -, , -, , , J - -

the axial displacement of the centerline of a 2 2 ,2

layer are denoted by 4 and u respectively;
represents the transverse displacement; and t, I ,'A3 U
thickness changes are neglected. The expres- .2 -1~* ~~ --- I~sion for the kinetic energy per unit length of 2 N
beam Is written for the top layer as

(•)' +Elh, - Ejh a " ,-,h 2

2T0  (-2)" (2) 2 Eh -,. h

where is the mass density, h, the thickness, P Ph "I2 hut
apd i1 the moment of inertia about the center-
line of the top layer. The potential energy is 2I*, )1 "J

1" = Gi l, 2 * Ell, + Eh, I / G-o

where E, and G, are Young's modtlus and the 1 - 2 J

shear modulus respectively. The energy ex-
pressions for the bottom layer are identical tofr -

Eqs. (2) and (3) with subscript 2 replacing sub- 2, h -"s c r i p t I . + E 2 1l I •- A E l - • 2 " -N + • 0

The displacement components ti and uj
are not independent; to insure continuity of , h-,Et -- - E - I
displacements across the interface )2 2 ' .

h i, ,I'

I' - -)1 " dX - 0 (5)

Equations (2) and (3) and the equivalent
expressions for the bottom layer constitute The Last term involves variations of the four
expressions for the kinetic and potential ener- independent displacement components evaluated
gies in terms of four independent displacement at times t and t and ts made equal to zero by
components, -, 4'. 1, u , ater applying the specifying the values of these four quantities
continuity condition, Eq. (11). These expres- for all values of x at time t., that Is, by spec-
asone are substituted into Eq. (1) and the varia- ifying the initial conditions In the problem.
tion is carried out for a beam occupying the Equation (5) can be made equal to zero for any
region x - o to X r leading to a statement of and all variations of w, v 1 , v2 , and uI only by
Hamilton's principle in the form setting each of the coefficients of the variations

in the first four terms equal to zero identically.

r r~ff f ~ ~ ~ '~\ and by specifying one term of each of the prod-
dt jd. ,[Gh, G 2 h 2,rJ ucts In the next four terms at the boundaries

0o o - - 0 and x After rearranging

- ,: i , *,2h w -- ,+* E''I t, ' • ,E

I 1 3 2 2Ella I -Iý x
(5) (Contl) (W) (Cont.)
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h2  
-=uI •2,is aeen to be based on a set of four coupled (

S- 0 e steouo tn partial diferentlal equations given by Eqs. (6),
P' 2 30Because the solution of these equations is

cumbersome, the effects of rotatory inertia
and sh.-ar deformation will be studied sepa-

_EL2  Gah 2  T , +•'- +E 1  rately.E a 2 2•• h2" 1 2 -aX

Consider first the equations when onlyrotatory Inertia is taken into account and shear

111h 2  _2 1 D24,

hPh1 2a• b' 0 deformation is neglected. The shear deforma-
- •2 at2 P Za t2 tion in each layer Is taken equal to zero, re-

quiring plane sections to remain plane and per-
(•i :wl ~ h, •-•' •wlpendicular to the diformed centerline; thus

G hi" + + Gxhx /
?"2) 'ax -CX

haww
~ ~ o (9a)

(plh, + p 2lh ) 2t4

0aw
E 'au 2%, ,1 h , I 2 0 1 h 2 ý 20 i a x

I Alh ax E222 /77 .2- ;7h However, because the shear forces in each

2 h,2 layer are not zero, this can be accomplished
_ au 1 2. 2

u1, h1 _a'q- h jt2 ' only by making the shear modulus infinite, such
-h 2-• 2 - 2 a2  that the products

(6)
Gih1 ( + LW) 0

and the natural boundary conditions in the form a (10)

(Q1 + Q2() Gwh ( 2h2  o fO

N , ) Substituting Eqs. (9) and (10) Into the equa-

) tions of mition, Eq. (3), and rearranging leads
((7)) to the simpler set of equations

(N. + N.,) (u,)h + E.h6) 2 (p1h L + P 'h2 ) -

where one of the products in each expression
must be specified on the boundary to Insure a (h, + V,2 ) 33. (h, + 112 ) 0ý
unique solution. + E 2hh 1 -2-12h 2 t-- ' 0

41 , N,, the bending moment, trans- a)
verse shear, and axial force, respectively, for - 41 4 EI ) 2L (POI P2h) -

the top layer in the beam are given by

1 = - + Eth1 (h, + h2 ) Pu 1  (hU h 2 ) • 3
LU

2 350 h 2 aX.t2

Q, Gh, +,1 + (8) Oj4,11

which will be referred to subsequentl7 as the
equations that consider rotatory inertia only.e.nd similarly for m.n, Q,, N2

In a similar maruner, the effects of rota-
The solution to a problem involving the tory Inertia can be neglected while considering

free vibrations of a two-layered sandwich beam the shear deformation. In this case
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a
2u 2  '2l -, 0 (12) areThe displacement components, Eq. (15),

t
2u' •u 2  •t 2• •t(1 are substituted into the differential equations

and lead to a set of three homogeneous equa-
tions in the unknowns A0 , A1 , and A2 . For a

and the resulting equations of motion are nonzero solution, the determinant of the coeff I-
cients of the unknowns is set equal to zero and

D2• 1P, results in a frequency equation relating w, e,
E1 1  - Glh (, and the parameters of the sandwich beam. In

the solution, nondimensional quantities are in-
troduced in the form

Ellhl E2h2 /2
+ ..... h -h

4(E hI + E •1h ý I2 / h (h, + h 2 ) (h, + h

N 2?r

-- -2 2  E

E3~~~~. I--1 (,, 2-

Bx 2
(17)

E1hI E2h2 +12 2, h
4 2 h - 2 +h2 *-3

4(l,+ E21Y2 3. ~ 2 3
2 /

32
,

axh1  ÷ Gah 2 -i- 4 (Gth 1 i Gab 2 ) X where 0, is a fictitious thickness shear fre-

quency of a beam having the geometric average
(Pilhl + Pah") h 0 (13) properties of the sandwich beam and is given by

These equations will be referred to as the (E.._ -

equations that consider shear deformation only. (hi + h 2 ) 39

Finally, the "elementary beam" equations -. 1 E h E (°8
are obtained by neglecting both rotatory iner- h1 + h2) 3 (1 h*
tia effects, Eq. (9), and deformation owing to
shear, Eq. (12), leading to and where p1 • ' for simplicity.

[F E21 , E2h2 (hl + h1)2 34
w The frequency equations for the three

Li 4 (Ell) I h + E - cases considered are

+ (h op2 h 2 ) 0. (14) (+,) -0

The sets of Eqs. (11), (13), and (14) are ._ __(1_+_h_)
each solved for a wave traveling in the x direc- 2 (1 +h

tion in an infinite beam, with the correspond-
ing displacement components

w.. A. exp [i( x .t.. t)1 0 ) 0 0)
6(1 + h*142)

q, At exp [i(cx - A)) (15)

4 2 C)( +h) A., (19 I"
for the set of three equations in Eq. (13), for
example, where 4 is the wave number and - the where *•, . and • represent the cases con-
frequency. The wave number F is related to sidering (a) only shear deformation, (b) only
the wavelength & through rotatory inertia, and (c) the elementary beam

2-7 solution, and where the following symbols have
(16) been introduced:

17



t

7 h and (c) the elementary solution. The equations

(1h) •, that considered combined shear and rotatory
inertia effects were not solved because of their

b = 4 [(1 + E*h*)(I + Esh*3) 3E*h*(t + h*)3] complexity. The three sets of equations were
solved numerically with the aid of an IBM 7094

d = (1 + E'h") 2  computer and the results were plotted as curves
of nondimensional frequency * against h/A,

e= (I + E'h [*)(I *+ (4 + E+ho)] where w* = I represents a thickness shear mode
of a beam having the geometrical average prop-

f = [2h$( 1 + E*h*)] 2 erties of the composite two-layered beam given
by Eq. (16), and h/\ represents the ratio of the

Z 144 [3(1 h*)2- (I + E~h3)(1 + E~h+)] total beam thickness to the wavelength of the ,
(F + EIh")2 vibration. Two typical curves are presented

as Figs. 2 and 3. The curves showed that the
3h'(+1')(l+h) h) 12(1 + ) effects of rotatory inertia and shear deforma-
___(______ l(l•+ + fh3 ) tlion could be neglected in modulus and frequency

(+ + 7h I ýEh calculations for h/ý, ratios less than about 0.2
(20) for a range of E* values from 10-1 to 10- and

for h values from 0. 1 to 10. The curves also
Viscoelastic Layer showed that the effects of shear deformation

were more significant thaa those of rotatory
The case of a beam conousting of a visco- inertia for the ratios of moduli and thicknesoes

elastic layer sandwiched to an elastic layer Is considered in this Investigation; for this reason
easily analyzed by taking the results of the two- the effects of rotatory inertia were not consid-
layered elastic beam and making the replace- ered subsequently. The conclusions that can be
ments drawn are that rotatory inertia and shear effects

can be neglected in flexural vibration problems
-, E1( + D7) except when considering very short, thick beams

or when considering higher numbered modes of
-. flexural vibration. An h/,x ratio of 0.20 is

G, (21) equivalent to a fIfth mode of vibration of a

+ i caLtilever beam having a length to thickness
, I iratio of approximately 11.

where the damping In shear and extension to The same equations discussed above were
assumed Identical and S represents the logs- solved again, this time considering the damping
rithmic decrement. The introduction of a corn- of the softer layer, by the introduction of the
plex frequency into free vibrations of the form complex modulus E(1 4 ii1) (and G( a + i77)) into
exp( iwt) leads to free damped oscillations of the equations of motion and considering the
the form frequency . to be complex also. This results

In a free damped vibration expresred as the
product of a sinusoidal term and an exponential

,mxp (iwt) exp(- -t . decay term. Values of the damping, ý,, up to
unity had little or no effect on the relationships

Solutions to the resulting complex fre- between the real part of the frequency and h/X,
quency equation are ob'tained by setting the that is, they did not significantly affect calcula-
real and imaginary portions equal to zero tions of the real part of the complex modulus.
identically and solving the two resulting equa-
tions simultaneously. The effect of q on the damping of the com-

posite sandwich beam given by the logarithmic
decrement 6 was studied for the elementary

CONSIDERATIONS beam solution and for the case where deforma-
tion owing to shear was considered. The nu-

The equations of motion of a two-layered merical solutions were plotted as 6 against h/A
elastic beam were solved for a wave having for four values of ,7 ranging from 0.25 to 1.0;
wavelength x and circular frequency o, travel- some typical curves are presented in Figs. 4
ing in an infinite beam. Three particular cases through 7. in these curves, the elementary
were considered: (a) The elementary solution solution is not plotted but is represented by a
Including only the additional effects of shear horizontal line intersecting the curves shown at
deformation, (b) the elementary solution includ- h/k = 0. The elementary solution gives a loga-
ing only the additional effects of rotatory inertia, rithwic decrement or composite damping that

' 10
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is independent of frequency, whereas the inclu- as a function of thickness of damping layer for
sion of effects of shear deformation makes it a specific value of E°. For a relatively stiff
frequency dependent. It can be seen from these damping layer having E" = 10". the optimum
curves that the effects of shear deformation on thickness ratio is about unity while for decreas-
the composite damping become important for ing E' ratios the optimum damping of compos-
-x values greater than 0.1 and even less for ite per volume of damping layer corresponds
certain geometries, to increasingly thicker layers. It can be seen

from the curves that the Inclusion of the effects
' To study the effects of the various param- of deformation owing to shear had little or no

.ters on the damping of a composite beam, cal- effect on these conclusions with resa)ct to the
culations were carried out and curves were optimization of damping by varying the thick-
plotted of 6/E*h" against the thickness ratio h' ness of the damping layer.
for two specific values of h/h (hA a 0, 0.1) for
a typical value of 71 of 0.333. The curves for Finally, a comparison was made of the
h/, = 0 correspond to the elementary beam value of 7 calculated from the Oberst beam
solution; the curves for h'/N = 0.1 are for higher experiment which was based on frequency and
modes of flexural vibration or for very short composite beam damping observations; the
thick beams. The plots are presented as Fig. 8, elementary beam equations were used in the
and each curve gives a measure of the compos- experiment with the value of 7 calculated for
ite damping per thickness of the damping layer the more exact equations which take into
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account the. defor niatos owing 'to Shear.,Ca,-'• It Is seen from the curves la Figs.9
i culattons'of 77 as a function of 8 were carried through 13 that the calculated value of -9 from _

out using the two theories for various values of an Oberst beam-type experiment using the ele-
£* and h* for a range of frequencies corre- mentary beam theory equations may be In error
sponding to h/X values between 0 and 0.2. The at frequencies that are within the range of those
rslsare presented an Figs. 9through 1in encountered in laboratory experiments of this

Sthe form of a set of curves of the ratio ?,).lc/."0Ct type. The degree of error depends not only on
Swhere 7),. 1 is the value of 1i calculated from the frequency or the h,/k ratio but on the E" and

the elementary beam equations and 71., is the hi" ratios in the particular experiment. The
."actual" or more exact value as calculated from error increases with increasing thickness and

Sthe equations that consider the effects of shear decreasing modulus of the damping layer. The
• deformation. The nondimensioual frequency 2) curves presented are not "exact" in that the

is the ratio of actual to a fictitious thickness equations used are only higher order approxi--

shear frequency 0, given by Eq. (18). The cal- mations. In addition the difference in the cal-•
culations were found to be insensitive to the culated frequencies between the "exact" and
actual value of 7 since ý was related to 7 al- elementary solutione is not considered. They•.
most linearly for most of the combinations of are presented to aid In the assessment of the

S parameters. The calculations were carried out validity of the assumption that shear deforma-
Sfor the specIf ic value of ,•.C = 0.I1 but are ap- .ton may be neglected in the experimental de-
""proximately valid for 7) values up to unity. termination of the complex moduflus of a material
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Fig. 8. Damping of composite beam as a
function of thickness of damping layer

usilng the Oberst beam technique. An approxi- CONCLUSIONS
mate method for correcting calculated 71 valuesThreutofcllainbsdonhe
follows:Threutofcluainbaeonh-

onie. that consider the effects of shear defor-
1. Record the frequency and damping tn mation and rotatory inertia ior a two-layered

the composite beam. vlscoeilastie-elastic sandwich beam indicate
that the elementary beam theory commonly

2. Calculate the real and Imaginary por- used is adequate for the real modulus and the
tions of the complex modulus of the damping frequency calculations, while rotatory inertia
layer (elementary beam equations). may be neglected for all calculations involving

flexural vibrations. For calculations Involving
3. Calculate the reference frequency nl, the damping of the viscoelastic material and the

g or the geometry used. composite beam, the effects of shear deforma-
tion must be considered for short thick beanns

*4. Calculate -,. and higher flexural modes of vibrations, that is,
when the wavelength is less than 10 times the

5. Locate the point on the appropriate thickness. Finalily, it appears that the largest
curve corresponding to the experimental pa- errors in calculations occur for beams with in-

*rameters by Interpolation (approximate). creasingly thick damping layers of relatively
softI materials. The effects of shear defor ma-

th6. Record the value and correct tion must therefore be considered and evaluated
tecalculated ii by dividing by this value, before using the Obrs beam complex modulus
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METHODS OF DAMPING VERY STIFF STRUCTURAL MEMBERS
? H..T

H. T. Miller
Lord Manufacturing Company

Erie, Pennsylvania

The problem of damping any structure becomes increasingly difficult

as the stiffness of the structure increases. Practical niethods have
been worked out and partn have been constructed and tested for provid-
ing a significant amount of damping (composite loss factors on the order
i of 0.10) for very stiff structures. The damping can be accompdilhed.
through proper design of the structure, if possible, or through the use
of the spaced-damping concept. This paper wil. present theory and test
data on both of these damping methods.

Damping can be added to any structlire to the deformation of the structure being danmped.
reduce the effects of a resonant response. The This paper will discuss methods of accomplish-
specific reasons for wanting to accomplish this ing this.
are many. Control of resonant amplitudes limits
motions and atreaes in the structure, improv- We can conclude týhat damping the bending
ing fatigue life for sustained disturbances, and waves In a structure becomes more difficult as
reducing the damaging effects of shock by limit- the stiffness of the structure increases. In
ing the amplitude and the number of high stress some cases, the stiffness of the structure is so
cycles in the residual response. In submarines high as to make the application of damping more
and surface ships, damping may be helpful in trouble than it is worth. This can be illustrated
reducing structure-borne vibration that causes by considering the equation for the composite
self and radiated noise. !oss factor of a structure being damped by

means of a free layer of damping material.
Damping is achieved by adding a lossy ma-

terial, usually in the form of some elastomer, B + K,
to the structure. These lossy materials have -: ' (I)
the ability to turn part of the energy required to 3K
deform them into heat. A simple way of adding
damping is to adhesively bond a layer of damp- where
ing material to the structure. In this manner,
when the structure bends, the damping material = composite loss factor of structure
deforms in extension and compression, thus
dissipating some of the energy it took to bend a, = E111
the structure and the material. The amount of
ener-gy that is dissipated is a function of the Et = Young's modulus of structure being
amount of energy required to deform the struc- damped
ture compared with that needed to deform the
damping material. Obviously, if it takes 99 per- I = moment of inertia of structure being
cent of the available energy to deform the struc- damped around its own neutral axis
ture and only 1 percent to deform the damping
material, no more than 1 percent of the original B3 n Eg' 1I
energy can be dissipated. This would be the al part of Young's modulus of
case if the damping material were completely E3 = re

lossy and dissipated all the energy it took to damping material being used

deform it. Thus, it is desirable to have the 13 = moment of inertia of damping layer
damping material control as much as possible around its own neutral axis
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K; = EA 1  0.050 (173 is the loss factor of the damping ma-
terial). The Young's modulus of the damping

A3 = cross-section area of damping layer material was assumed to be 5.0X 105 psi and

the base structure is made from aluminum.

Now, consider the configuration in Fig. l(b).
K' = imaginary part of Young's modulus of The base structure is the same, but the damp-

damping layer ing layer has been modified. The same amount
of damping material has been used, but the

KJ = EJ A3  width of the layer has been cut in half and the
thickness doubled compared with the damping

1141 = distance between neutral axis of layer of Fig. l(a). This modification increases

damping layer and neutral Wxis of the distance between the neutral axis of the base
,structure being damped. and that of the damping layer and also increases

the moment of inertia of the damping layer. The
The bending stiffness of the structure ap- structure has a normalized composite loss fac-

pears in the denominator, where an increase tor of 0.067. This constitutes an increase of
will, of course, cause a decrease in the com- about 35 percent over the structure of Fig. l(a).
posite loss factor.I If one has the freedom to modify the base

The other variables in the equation, except structure, even more can be (lone. Figure 1(c)
t H3 , are dependent on either the damping mate- is an example of this. The structure is like the
rial properties, or its dimensions. During the previous one, except that material has been re-
design of a damping treatment, these variables moved from the top and added to the flanges at
will be at least prtially controlled by factors the bottom of the structure. This lowers the
other than the composite loss factor that is to neutral axis of the structure toward the base.
be achieved. These other factors could be en- The damping material configuration used is the
vironmental limitations on the type of damping same as in Fig. 1(b). The bending stiffness of
materials available for use, or overall weight, this structure compared with the first one is
which would limit the amount of damping mate- only slightly reduced (from 1.46 x 10 5 to 1.28 x
rial that could be used. This leaves H3, as the 10s). This new structure has a normalized
only other variable for the designer to work composite loss factor of 0.12, more than double
with to increase damping. The distance i't, Is that of the first structure.
thus potentially a very powerful tool that can be
used in the design of a damping treatment. In this example, we have three different
Added to this, 11,, appears in the equation as a configurations that will structurally do about the
squared function, making its impact even same job. However, from the standpoint of re-
greater. duced vibrations, the third oite will do the best

job. Comparing one and two, it can be seen that
The value of H., can be varied by a de- choosing the best location and configuration for

signer in several different ways. An obvious the damping layer causes an improvement.
way is hi pace the damping material on the However, if one designed the original structure
structure in such way that its neutral axis is as with the possibility of damping in mind as in the
far from the neutral axis of the structure as third case, the best results are achieved. How-
possible. Another way, if possible, is to design ever, it may at times be impossible or imprac-
the structure itself in such way that it has its tical to try these variations (especially changing
neutral axis at a location that is far away from the base structure), so that it becomes necessary
an area that will be available for the application to have other ways of accomplishing the same
of damping material, results.

To illustrate these concepts, take the struc- There is another way to increase the dis-
ture of Fig. l(a) as an example. This figure tlance between the neutral axis of the structure
shows the base structure, essentially a hat sec- to be damped and thc neutral axis of the damping
tion, with a layer of damping material bonded to layer. This is through the use of a spacing
the top. The damping material is located on the layer between the base structure and the damp-
structure at the top where the distance to the lug layer (Fig. 2). This layer spaces the damp-
neutral axis of bending of the structure is the lug material away from the base and, thus, in-
greatest. The damping layer is 0.150-in. thick creases H3 . The general characteristics of a
and runs the entire length ci the beam. With the spacing layer are low extensional stiffness and
damping treatment as shown, the value of the high shear stiffness. The low extensional stiff-
normalized composite loss factor (n/7i,) is ness insures that the spacing layer will not add
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Fig. F. General spaced damping treatment

any bending rigidity to the base structure, mak- with increasing frequency. Also shown in Fig. 3
infg it more difficult to damp. The high shear is the loss factor vs frequency data from a test

f stiffness insures that the bending str-ains in the bar that has the same amount of material at-
ibase will be coupled into the damping layer. taehed directly to the base bar. This compari-

i son shows the values of composite loss factor
Figure 3 shows typical data for a spaced of the spaced treatment to be higher than the

damping treatment. The configuration from total frequency range of the test.
which these measurements were made appears
in Fig. 2. The damping material used is the one Generally, all spaced damping treatments
that conforms to Mil-P-23653A, Class iI The have the type of composite loss factor va ire-
spacing laver has at the bendin ans the ba rt e shown in tig. 3. All will have an
base bar is 0.25-in. thick. Tests on the spaced area of constant composite loss factor at lower
treatment show that the composite loss is flat frequencies n garea where loss factor falls
with frequency up to about 500 Hz with a value with increasing frequency. The flat area of the
i 0.4,5. Above 50d Hz,mterlous is the n falls curve is where the spacer is acting as an ideal
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. ,, ,We can now take a look at what magnitudes
of loss factors can be achieved with spaced
damping. If we assume that we are damping a

PCE beam-like structure and that the damping layer
cross-section is rectangular, we can rewrite
Eq. (1) as

0

. (2)
I LW"iŽ tý Wi HIII (f )

CONENTONA 12 13 1

where
3

'3 = loss factor of damping material

o __. =•.- width of damping layer

100 1000 10,000 il3 = thickness of damping layer.
FREQUENCY (HO)

Fig, 3. Composite loss factor vs fre- Figure 4 shows composite loss factor (')
quency for spaced treatment compared vs moment of inertia of the base structure (1,)

for various values of I3, constructed from the
above equation. For the coujtruct:, n of "'-
curve, the damping layer width was taken to be

one (that is, infinite shear stiffness, zero ex- the same as the base and 0.50 in. thick. Damp-

tensional stiffness). The falling portion is a ing material properties of E, = 4.50 x 105 psi
and ~,=0.45 were assumed with a steel- baseresult of the actual finite shear stiffness of the and c = 0.

spacing layer. At the lower frequencies, the
composite loss factor will be given by Eq. (1).
This equation assumes perfect coupling between Figure 4 may be interpreted as follows:
the base structure and the damping layer which Taking a 4-in.-sq tube as an example, the
is what an ideal space accomplishes. With per- moment of inertia of this structure is 1.17 in. 3 .
fect coupling, the entire configuration bends as (This is a per unit width value.) If we look at
a unit about some composite neutral axis. By the figure, we can find the composite loss factor
doing this, the damping layer makes the greatest associated with the various values of 11•1 It is
possible contribution to the overall bending known that the neutral axis of bending of a square
stiffness of the damping material and base com- tube is at its center and the neutral axis of the
bination a•d, thus, produces the highest damp- damping layer is also at its center. This says
Ing. At the higher frequencies, neither the as- that for a spaced damping treatment of the N
sumption nor the equation continues to hold. At beam, H.1 is equal to one-half the thickness of

the point where the loss b acom uac to u all, the beam plus one-half the thickness of the
the damping layer is becoming uncoupled from damping layer, plus the total thickness of the
the base. If the frequency is increased far spacer, or in this case:
enough, a condition is reached where both the
damping layer and the base are bending about 113j = 2.5 in. + H,
their own neutral axis independent of each other.
At this condition, the damping layer will have II, = thickness of spacer.
very little effect on the bending of the base
structure. The frequency at which the decou- Thus; if a spacer 1 in. thick is used,, is
pling process starts is controlled to a large ex- 3.5 in. and the composite loss factor is 0.035.
tent by the shear stiffness of the spac r. If the The type of plot shown in Fig. 4 may be de-
shear stiffness of the spacer is infinite (ideal veloped for any damping material and any con-
spacer), the uncoupling never occurs no matter figuration of the damping layer. The plot will
how high the frequency. However, an ilfinite give a designer an idea of what magnitude of
shear stiffness can never be achieved in prac- loss factor he can hope to achieve. It will not,
tice. One must try to get the shear stiffness as however, tell when the loss factor will start to
high as possible within the limits of a design. fall with frequency. This is a separate problem.
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Fig. 4. Composite loss factor vs moment of inertia of structure
being damped for various values of nI• (distance between neutralaxis of layers)

We now come to the problem of what kinds Figure 5 shows an example of a spaced damping -
of material can be used as a spacer layer. ft treatment optimized for a particular structure.
has been suggested that such items as honey- The spacers are made from tee sections. The
comb or like materials be used as spacers. tees have been cut into 2-in, lengths and are at-
However, we have found that for most appliea- tached into the treatment with a 0.25-in, gap
tions the shear stiffness of honeyconmb is not between each. The width of this gap Is critical
high enough to maintain the coupling between and is involved with the tradeoff of high shear
damping material and base to high enough fro- stiffness and low extensional stiffness in the
quencies. The use of these materials is all spacer layer. The loss factor vs frequency
right for some lower frequency applications curve is shown in Fig. 3. Channel sections can

i (less than 200 Hz), but is insufficient when high also be used as spacers, and the design prob-
dRamping is n•eeded over a broad frequency lenm is similar to the tee sections.

S~range.
! Normal extensional or free layer damping

SOne class of materials we have found that treatments may be difficult and time consumingScan he used as spacers are structural sections to apply. The surfaces to which they are to be
•:such as tees or channels. These sections have applied must be cleaned and specially prepared
Shigh shear stiffness and also have suitable areas to insure a good bond between the structure and

for the attachment of damping material.. How- the damping material. In some locations it will
ever, these sections in their normal form also also be necessary to construct special fixtures

have a high extensional or bending stiffness, to hold the damping material in place while the
This problem can be solved by cutting the sec- adhesive is curing.
tions into short lengths before installing them
in the damping treatment. The idea here is to Spaced damping treatments offer a big ad-

shorter than the wavelength of the bending waves ture being damped with no degradation of the

traveling LIn the structure. Selecting the length dampin•g material. The entire damping treat-
of each spacer is more involved than just con- ment can be Constructed under controlled con-
sidering w,.velength. The tradeoff between ditions at a location remote from the final ap-
maintaining a high shear stiffness and keeping plication area, brought to this aresa and simply •'I ~the extensional stiffness low must be considered. 33welded in place. The special preparation for I

0.
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Fig. 5. Tee section spaced damping treatment

1.0 ,* I, ,bonding of the surfaces of the structure being
damped is eliminated. Also, the possible need
for fixturing to hold the treatment in place while
the adhesive is curing is eliminated. These F'
facts make spaced damping treatments faster A I
and cheaper to apply. 0 SPACED

Figure 6 shows loss factor vs frequency "
uata for a spaced damping treatment applied to 3 .
a length of 1.5 square tubing. Also shown for • o.,
comparison purposes is loss factor vs frequency t WITH DAMPING

results from the same tube damped by a layer "
of damping material the same size as that used ---
in the spaced treatment. These samples were
tested by hanging them in a free-free condition,
attaching a small shaker to one end, and record-
Ing the response with an accelerometer at the
opposite end. The composite loss factor was o.__...__ ,,_,,__ ,__ ,_,,-,-
determined from the relationship I, = A/F,/ 100 1000 10,00
where Fn Is natural frequency and AF is fre- FREQUENCY (Nil
quency bandwidth of the half-power points. The
spacing layer used in the sample was short Fig. 6. Comparison of loss factor of
lengths of 1-in. high, 1.5-in. wide channel. The 1.5-in.-sq-tube treated with spaced
damping material covered the top of the chan- damping and with extensional damping
nels and was 0.50 in, thick, As shown by the
data, the composite loss factors of the spaced
treatment are about four times higher than
those of the simple one layer treatment.

So far all the spaced damping treatments
0/

we have discussed are oni-dimenuional treat-
ments. That is, they efficiently damp bending
waves in only one direction. However, in many
applications it Is desirable to damp st',xctiires ..
that have bending waves traveling in two direc- E

tions. For instance, any plate has waves trav-

eling in two directions. We have found that ap-
plying the spaced damping treatments, previously

discussed, in two-dimensional. patterns will doa good job of damping these structures. Figure7in an example of this. This figure shows a 2 •
by 3 ft, 0.25-in. steel plate with the damping

treatment applied. The strips of spaced damp-
ing are applied In a checkerboard pattern on
approximately 8-In. centers. The damping Fig. 7. Two-dimensional
treatment used Is the one made from the tee spaced damping treatment
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Fig. 8. Driving point admittance of spaced
damping treatment as compared to complete
damping material coverage
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Fig. 9. Transfer admittance of spaced
damping treatment compared to com-
plete damping material coverage

section (Fig. 5). Figres 8 and 9 show the treatment (about 4.0 lb/ft 2 as compared with

driving point admittance and corner-to-corner 4.5 lb/ft2). Spacing layers that are optimized
transfer admittance for the configuration shown to work in two directions may also be built.
in Fig. 8 as compared with data from the same These, however, are more difficult to work with
plate covered with 4.5 lb/ft2 of Class 1I Navy and will not be discussed here.
damping Ules. As can be seen, the checkerboard
pattern is at least equivalent to the complete This paper has shown methods of damping
coverage treatment and in many areas is better, the bending waves in structures that are quite
The spaced damping treatment of this plate ac- stiff. The damping may be accomplished
tually weighs less than the all damping material through optimum positioning of the damping
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material or through the use of spaced damping. damper for a given we'ght of treatment and
This technique offers the designer Improved greater flexibility in installation.
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DISCUSSION

Mr. Kraft (Univ. Daytor,): Depending upon Mr. Miller: I guess I neglected to mention
the particular application, it oeems that you are that the plate that was covered with the spaced
paying a considerable penalty in weight in using treatment was actually done with less weight. A
a spaced damping treatment like this as opposed plate with the spaced treatment weighs less than
to some other type of treatment that could be if the plate were entirely covered with damping
used. material of the same thickness.
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THE OPTIMUM DESIGN OF FIVE-PLY VISCOELASTIC
ISOLATION FLEXURES FOR POINT-INERTIA LOADING

Darrell A. Frohrib
Mechanical Engineering Department

University of Minnesota

The engineering theory for the interaction between elastic and visco-
elastic strata devekoped by Kerwin and DiTaranto is applied to the iner-
tialess flexure treated on both surfaces with constrained viscoolastic
layers. The absolute transmissibility expression is developed; equiva-

lcnce to the elastically supported dashpot model is discusoed for certain
conditions on the loss ratio G G, and surface constraining layer to
elastic properties of the viacoelastic layer. Design equations are pre-
sented to expedite calculation of size and shape properties of the flexure
to optimize response at the fixed point.

INTRODUCTION established to enable prediction of response over
a wide frequency spectrum. The purpose of this

The use of viscoelastic materials as damp- paper is to develop these expressions in the
Ing mechanisms in engineering practice has framework of DiTaranto's theory and to set
been studied extensively in recent years. An forth conditions under which the general state-
understanding of the dynamical properties of ment is approximated by the discrete-element
polymers t11, coupled with knowledge of the re- model.
sponse Af treated engineering structures (2-4],
has permitted a prediction of the design ap-
proach to the use of viscoelastic materials in NOMENCLATURE
certain cases. Until Kerwin's and DITaranto's
work, the interactions between the constrain- Ai Cross-sectional area of ith layer
ing elastic and the viscoelastic media were
largely unknown. Current investigations appear B (EI), t (Ei)3 , (EI)s5
to be largely directed toward the response of
beams and plates with distributed mass and b Flexure width
elasticity, when treated with viscoelastic appli-
citions. C1.s Deflection amplitude coefficients

c Dashpot viscous damping constant
In the case of a viscoelastically treated

support subjected to point-inertia loading (Fig. E, Modulus of elasticity of ith layer
1), one can anticipate the support to act as the
discrete-element model including an elastically F1 Axial force in ith elastic layer
supported dashpot, as studied by Ruzicka and
Cavanaugh (Fig. 2). A qualtitative understand- G' .G.G 2 Shear modull of viocoelastic layers
ing of the equivalence between the model param-
eters k, N, and c and those of a strata-like It, Half-thickness of ith layer
treated flexure appear not to have been clearly
defined. Furthermore, it is well known that the if Area moment of inertia about indi-
complex modulus of viscoelastic materials Is vidual neutral axis of i th layer
frequency sensitive. Therefore, a clear under-
standing of the single-degree-of-freedom trams- i Imaginary number
missibility expression and its equivalence to the
elastically supported dashpot model should be k Stiffness constant of linear spring
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LOAOM CONFI•UJRATION
AND

COONOROATt DEFINITION b

EL.ASTIC STRXTA% ISkD

Fig. I. Viscoolastical" treated support
subjected to point- mnertia loading

N Spring stilffness ratio of linear model

q,q q' Frequency ratios

M
R bG' ( JI]EA),)

TA.TR Absolute and relative transmissibill-
ties

uI Axial dynamic displacement of cen-
K lNK terline of Wtk elastic layer

Mfl7lM77l7 
Ail u US

U. V Functions of exponentilas of visco-

Fig. 2. Elastically supported elatic latr 2±tffneAAP
dashpot model

v Transverse dynamic displacement of
flexure

L Flexure length XM Output displacement response of flex-
U Mass at fio:cure midepan ure at mass mounting location
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xu Input displacement at flexure ends five-ply symmetric section becomes

tEA, ~ (11 j - (Au)* (2)

Square root of amplitude coefficient, Eq. Combining Eqs. (1) and (2) Into one equation in
(4) the variable, ALI.

2(11, - 211, - 1101 '~ - ,±L.. F'A), .I (A. 0.(3jil 1 AI -2

*Percent of critical damping
f Solution

*Axial reference position of element in
f lexure Defining the complex square root of the

coefficient of the third derivative term as
(r~~C ,) G the equation has the general

I solution
.. Natural frequencies, rad/sec - *2~

ALI -. cL,.

t, Flexure dynamic elope
For the problem under consideration, Eq. (4) is

Input frequency, rad/sec specialized to the following boundary conditions:

ANALYSIS Force boundary conditions:

Equations of Motion 1. Axial forces MF at '~0 on the strata

The analysis Is developed for a model of arzeo
symmetric cross soction, compooed of a parent F, - Fs (EA), 00' (from DiTaranto).
beam and two identical surface applications of
vlacoeiauttic msaterial and constraInhig layers. 2. Moment (M) is zero on the ends:
(III * It, HI It,, E, Es , G* - G',-see Fig. 1.)
Extending DITaranto's engineering theory to WO0) (EM F (\VI
this five-ply Inertiaess flexure, the moment-
deflection equilibrium equation can be wvritten Goercbu&r odtos
In terms of beam curvature, t, and the relative Goercbudw odtos
axial motion between outer strata centerlines. 3. -eam deflection vo% u
'N., as follows:

()Symmetry About -L2

4. IIL2) -0.

where

From these boundairy conditions, the equationn

From geometry, the auxiliary equation for the governlig the C,'s can be shown to be

oI.

L B j
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As i C the solution for ", and its deriv.-
*- ative., can be substituted ifto Eq. (2) and inte- L L (t () : (8)

grated directly to determine the suspension rte- 2 2 [\21 2 (EAQ\' B 2/
flectljn, ,.(-.*. This deflection is

where C,* is the complex shear modulus of the
'" X ( L yer:

___ ) ii- i:~ 31 V G' G (I. i: G

v(L 2) 2.U 2 21V Writing as

where E 2( 2 'm /KI

U e x p ( ,. ) x p ( - , ) V x p ( ) e Xp ( - 1\ 1  ,

(EA) I.2G
2B 2

Satisfying the shear requirement imposed '2 ( )1 2 111, 211
by the inertia force at mIdspan, the equation
governing the center deflection v(L 2) can be
written in terms of end displacement amplitude r ( 4

Re'l liv" trnnsmiss bib lti T R

where

j- 3(i I arid

where -' 4,B MLI' ) , the ,ndamped naturaJ , t 2m (') I
frequency of the three-beam suspensL, witllout
shear interaction.

rh-- eladlic effects ut the viscu .astLc layer areThe -ibsolute trans missibtity 'A is deter- re)resenied by .1. the dissipative effects by .

mined from xu xn ' L 2 where

XW *xU XI(

[)L'CUSSION Ok THANSMISSIBIL!TY
As• X, .X,-xt Eq. (7)

2j1..2, % L 2. ixp. t Smaii Valuesof

and the ampIIudtvs ars- i ,mpiex ;A is •e regard . . tho bracket
L E%-, -: -u.• ,:- .- ,iw" to zippit_,ach unity in

- thkL Ua. -ni ! ,Tl: ,A bi•comr.n
"T I -- _

'h( c aple, u . . . -_ .

f, u on and -rt -- iO•e.. of tbi-
*a- oclas aitdaalped Iuleai s Lt. -6
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Large Values of , expanding the bracket I using the relatkux-
ships

The bracket I } approaches C, in the limit
,,-* ', and TA becomes U = exp M exp i1 - exp(-/Mt) exp(-4O2 )

TA 21 exp itJcos sin U2}

1 - - yX-; 1 ){cos M, - i sin iS 2 )

which again represents linear oscillator re- and similarly for v; multiplying and collecting
spot- vith zero damping. The quantity terms,

-,(l 48(1 *4 )(EI i+El, s El5  TA r 1 n ~ib' (10)
ML 1 q I+ a - j•id]

signifies response of the suspension as an inte- where
gral beam, in which fibers of the three parallel
elastic layers respond as a combined cross a(•Ol) 4 + (i.•2)
section which remains plane during distortion.

Intermediate Values of A, V c 2(,.)+ 2)

For the general case when tl o, but •42 O, d d(p,.A2)
bracket f can be written

3 -2,- - th3

{127( - t(9) B2 -3 2 tan 2 tlnh

The response for zero damping, and for finite b -3( 2 tan ., tanh tan
and infinite values of ,I is then

3TA 1 '1 •,j

Fini t e

_, 'I (I"2{ ) {3Z [3-(-2ta)nt~ tanh

,'I - . " L J- ta ... , tanh j,, -2 [3 ( ,) j .

+ TA may be rewritten

l q-* q- I

q 11 T:~ + C) I11 q,
q~~ ~ ~ A2 *-1'/

,, 1Equation (11) enables the engineer to predict
* , - the vibration transmission over a wide fre-

quency range, q, where . f(q), which is
* typical of viscoelastic materials.

i. ,Equivalence with the Elastically

Supported Dashpot Model

For noneero values of the absolute Under certain conditions, Eq. (11) can be
. 'srtl..hy rA c,:n be expressed by approximated by the elastically supported
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dashpot Isolator considered by Ruzicica and
Cavanaugh. That t~ransmissibility ito.i [3 tan ~] 0.4.G1

S+ ~ )�3 The ratio i2 /M, Is usually substantially smaller

""A 2 2 (12) than 0.4.

X2 N3J X • 2 1.• ý2J Retaining only first order terms In (k•/pl )2,
SFAE. (13) may be written•

I These authors have shown that the fixed point

j may be located in the spectrum and used to I
control maximum (resonance) trans inissibility T1 (3,/, )2by appropriate adjustment of N and c: Fi_2r _ a] + (+3_____2

k3 + ]2 + J
N

(14)
2a(N ) , Then, the following analogies may be estab-PA =

4(N + 1) 2 )onneted S-PI Viscoeloatic Flexure
Dastpot

This motivates the reconsideration of Eq. (11)
to determine under what conditions It is equiv- s CL at
alent to Eq. (12). If equivalence can be demon- Rat o: N c-
strated, parametric analogies between the visco-
elastic suspension and the model of Eq. (12)may
be made, and optimum design parameters iden- ( /\/
tified. Dopin )B2( 1(

Ratio: p
To show this, Eq. (11) is cast into the form I a

of Eq. (12) In the following way:

-- 2+ DESIGN PROCEDURE

21 d2 i* 2 - 212 The above analogies permit calculations to[.------A . _ follow the pattern developed for the elastically
\2 connected dashpot Isolator. Selecting the maxi-

Mum permissible tranmaslsibility and locating
where it -t the fixed point is equivalent to determining

both N and P . The four equations relating
Nopt and Po to the physical and geometric

72 X3 (.properties of the flextire may be written:
( IProm the definition of a:

Studying the ratios a/c and b/d, we recognize
I that [1 2 If 2

I + 213I]
• sH- (15)

C C, [C1 2()1

and
Location of resonance *:

G,/G, seldom exceeds unity, and therefore
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From the definition of u 1: 0 a I (see Fig. 3),

G ( l '2 1 H, 2 1/2 HC
+d)" :I _ 13 13

r 14 This requires aopt rwin Nopt and a1/c 1  1.

G 2For design purposes, o ,. 1. Then H /H
is determined from Eq. (15), HS IL from Eq. ('A

From required damping: b from Eq. (16), and the required ,.ýaterial loss

(L2 ( a 2 modulus G0, from Eq. (18).

22G) 2,/ 2 c 2 From Eq. (18)

______- -~~-1 __ _ _ __ _

( 1 8 )1 G 1 t onl . . •

For given material properties, Eqs. (15)

htrougn (18) may be regarded as four equations 2 (1, Nopt) Popt
in the unknown geometric parameters b, HIII/H 3 N 3 I I. IN 72
I13/H3, and H3tL. Of coirse, they may be used NptLl + No 1 + 2 Pt
in various ways depending on design criteria.

f(TA)
For discusion purposes, consider the

problem in which we want to minimize the By assumption in Eq. (14), 3a(1,i/p 1 )
2 << I. For

thickness of the damping layers for a given small •,, a(a8/c,) a a, and for aOpt N "opt,
maximum transmissibility, TA. Furthermore, 2/",- < 1.(3N)1' 2 or
consider H,/H 3 = It2/H 3. Minimizing these pa-
rameters implies minimization of a. As 1., [ 3 2 2 11/2

(3)1"2 Nopt1 2-NOpt [1• opt

(P)t << 2 1 << Nopt

which is reasonable for the elastically supported
and damper isolator.

1.0

080

0.6

04 -

02-

0 II
01 1.0 to

Fig. 3. s, clas a function of ;L
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DISCUSSION

Mr. Verga (Hazeltine Corp.): Is there any of real design opportunity as we proceed with
opinion at this time As to whether we can ever our optimization. Depending of course upon
posibly hope to find this type of isolator better, the design criteria and the volume character-
In terms of mass volume for the same tyoe of Istics, as well as the specific package sz•,
damping and for the same natural frequency, I can not say whether it is going to be com-
than the typical standard type of linear Isolator petitive. It is not intended as a competitive
such as Cavanaugh's and Ruzicka's model? kind of thing of course, but it will be more

opportune. It would indeed depend upon the
Mr. Frohrib: I am afraid I would be pre- design problem. We should be able to answer

sumptuous in making claims at this point. I your question more specifically after our
would like to think that there will be evidence optimization effort.
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APPLICATION OF DAMPING DEVICE

FOR CRITICAL SPEED CONTROL

John F. Mullen and Mark R. Kulina
,rtiss-Wright Corporation
.%ood-Ridge, New Jersey

A device for the control of critical speeds of rotating shafts has hon developed. It
is a bearing support consisting bai•cl^ly .. f a film of oil between two nonrotating
pacts in parallel with a flexible mechanical support. A mathematical model of the
physical system is developed and response of the system predicted from the model.
Results from operation of an experi.,ental rig are presented which confirm the
model and provide data for damper design, Design details of applications to oper-
ating rigs and engines, as well as test results from thenm, are given, indicating the
damper to be effective in controlling the effects of critical speed. The device should
find application in retrofitting engines known to have rotor induced vibration or noise
problems and in insuring successful control of rotor amplitude and/or rig vibration
in first-time operation of development rigs and engines. It may also be used during
the design stage in lightweight, nmultipurpose engines where control of critical speed
by other means imposes weight or other penalties.

INTRODUCTION the oil in the cavity. Oil under pressure enters
the squeeze film cavity through one or more

Avoiding the detrimental effects of operat- inlet passages and exits through the drain holes
ing at or near critical speeds (shaft bending beneath the oil rings. Viscous damping is pro-
natural frequencies) has always been a consid- duced in the high pressure cavity as motion of
eration, explicit or implied, in the design of the rotor causes the oil to be pumped or forced
rotating machinery. In most cases, this Is done circumferentlally ar-und the cavity and through
by appropriate selection of mass and stiffness the drain holes. In addition to the damping pro-
to place the critical speeds outside the operat- vided by the oil, there is also a nonlinear spring
ing range. With the advent of lightweight, multi- rate associated with the oil. This spring rate,
purpose engines, however, Lhe operating range however, can be maintained at a low value by
often covers a wider percentage of design speed, proper design of the oil cavity. The flexible
while the designer has less latitude in the selec- bearing support performs three functions: It
tion of mass and stiffness, helps to control the location of the critical

epeed, it restricts the deflection of the rotor
Another parameter for the control of criti- when not rotating, and it permits the squeeze

Scal speeds is damping. A previous paper 11] film to operate as a damper.
detailed development of a mathematical model
and component testing of an oil-squeeze bearing Additional design features of the oil-
damper and presented a bibliography of related squeeze bearing damper are:
work. This paper reviews the previous work
and reports development work, including rig 1. The oil film is between two nonrotating
Sand engine testing, on the bearing damper. parts, thus eliminating the possibility of oil

r whip which occurs when the film is between

Orotating and nonrotating members, as in jour-
OIL-SQUEEZE BEARING DAMPER nal bearings.

A schematic of the physical parts of the
bearing damper is ahown in Fig. 1. The sal't 2. The annulus adds little to the damping
bearing is supported in two ways: structurally but provides distribution of the oil around the
by the flexible support and hydrodynamically by cavity from the inlet holes.
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Fig. 1. Oil-sque.ize bearing darmper schematic

3. -As a fail-sale device, mechanical stops system to which the damper is to be applied.
cat. be incorporated in the design outside the The spring represents all of the flexibility from
high pressure oil cavity to permit only limited the mass to the ground; that is, if the true sys-
radial and torsional motion of the retainer ring. tern has flexibilities between both the damper

and the mass and the damper and ground, they

MATHEMATICAL MODEL may both be represented by an equivalent spring,
K, as shown In the model.

The simplest method of understanding the
operation of the oil-squeeze bearing damper is In the damper, the olU provides both a flex-

by developing an analogous mathematical model. ibility, K., and a damping, c, while the flexible
Such a model is shown in Fig. 2. support results in a flexibility, K,. By judicious

n choice of damper and spring dimensions, K0 can
In this model, the spring, K, and mass, m, be kept much smaller than K,. Because the two

of the main system represent the original springs are hk parallel, the effect of K. can then

be neglected.

GROUND A cursory examination of the model will

T , show that the natural frequency will vary as a

MEtc ie I5  function of damping. For no damping, the natu-
ral frequency of the system is a function of the
flexibilities K, and K acting in series and will
be relatively low. For infinite damping, the

SYSTEM flexible support spring, K.• is effectively short
I.-circuited and the natural frequency is a function

_1- mu-.t sinwi only of the main system flexibility, K. This

latter is effectively the system natural frequency

Fig. 2. Mathematical before the bearing damper was added. For con-
model venlence, we will refer to the former - that with

46



no damping - as the soft system, and the latter
- that with infinite damping - as the hard Vk (k÷+ MY')

-rFk TA M.. k'.sysem.I m:, #*)('k,-Ikm,*`-kffW)' +- WC(k-ffw'} Y

For the mathematical model, the amplitude -, 10
of vibration was determined in a previous paper cc-Io

[Jas

S (K. K)2  Z

S(K.K- K . 2  2 2C(K 3 - 04, 2 - ,, ,[-2-
while the force transmissibility is expressed as I

TT0

2SPEED - X 103 RPM

Fig. 4. Theoretical force response

S K2 (K.
2 + .'

2 ,
2 ) as a function of damping

\ / ( Ks K- Km.r.2 -Krm,.,
2

) 2 .,zc'(K-m.,')2

The force transmissibility curves show
Using these equations, response curves for similar characteristics to those of amplitude

a particular configuration (K.,K = 0.15) were response, but the optimum force damping must
generated as a function of damping and are be defined for a particular speed range and
given in Figs. 3 and 4. The amplitude curves may not be the same as the optimum damping
show the peaks of the soft and hard system, but for amplitude. It should be noted that trans-
also Indicate that for a reasonably wide range mitted force does not increase indefinitely with
of damping values, magnification is held to a speed for positive values of damping, as the
reasonable level. For one dawping value, the figure would appear to indicate. At some speed
amplitude ontimum, both the hard and soft sys- beyond the range of the figure, the transmissi-
tern peaksq are completely suppressed. bility will peak and then begin to decrease.

Thus an optimum damping can not be arbi-
/+?e~e a trarily set, but must be a function of the details

?-" Cyi-kmkniw.)"uWe(kimu)' of the application; for example, the location of
C,2__ -the operating range of the machine with respect

Cc= m k~•'•.3e.6 Be-scfI.t to the response curves, the operating clear-
k.. 15,196LO•L/l. W9.WooRPM aaces between rotating and statiunary parts,

k 1o,.26t L•/IN. w. 1.000RPM and the load capacity of the bearings and related
m -. 0105 LO-SCWIIN. structure must all be functions of the details of

0 _71- -- I - the application.

7 4- An obvious question in the design of the
X -c flexible support for the system Is the degree of

6 - flexibility required. A lower bound can be es-

5 tablished in that it must be an order of magni-
• tude larger than the flexibility of the oil film to

S_.. - - - - .5o prevent the nonlinear oil spring from affecting
_ jO2 . the response. To accomplish this, load-

-- __••, - - - deflection calculations similar to those shown
in Fig. 5 must be developed. Note that the

-C1 .0~ spring rate of the oil is significantly lowered
I. Cc by an increase In the oil film thickness.
0I An upper bound on the spring rate of the

0 2 4 6 S 10 12 14 16 1 20 flexible support may be established relative to
5PEED - X IO rpm the spring rate of the main system by consid-

Fig. .. Tboretical amplitude response ering its effect on the response curves. As was
.s a function of damping not-,d in discussing Fig. 3, a minimum amplitude
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Fig. 5. Typical load-deflection relationships for oil film

can be attained as a function of damping for a Figure 7 shows typical test data obtained
particular configuration. However, this mini- of shaft amplitude vs speed with varying oil
mum amplitude (and the damping value to attain flows. With low flow (under damping) the soft
it) is also a function of the relative values of system peak is observed while with high flow
the flexibilities of the main system and the flex- (over damping) the peak is at the hard system
ibis support. This relationship is shown in Fig. critical. The medium flew produces optimum
0. It may be seen that the value of magnification damping and peaks as both hard and soft sys-
Is relatively small for a wide range of support tems criticals are suppressed.
spring rate, provided that the support spring
rate ts not aignificantly greater than the original The major conclusions derived from oper-
sprlng rate o0 ihe system. The lower the flex- atlOit of thl test rg were as follows.
ible support spring rate, the lower the magnifi-
cation that can oe attained. This may also be 1. The oil-squeeze bearihg damper has
observed intuitively from the response curves the capability of controlling rotor amplitudes
ed Fig. 3. It is observed that the optimum mag- and transmitted force at critical speeds, ever.
nificatton is at the intersectlin uf the response with relatively high unbalance.
curves for the hard and soft sI -temo. The
w er the separation between these curves (and 2. The mathematical model adequately de-
thus, the lower the flexible support spring rate) scribes the operation of the actual damper.
the lower the optimum magnitificatton will be.

"3. Variation in oil flow to the damper pro-
duces significant changes in damping.

TESTING TO VERIFY MODEL
4. Damping values greater than c c,

To verify the mathematical model, inves- are readily attainable.
tigate the effect of various design parameters,
and demonstrate the control of c'itical speeds 5. Increasing the film thickness results in
by the daraper, a two-bearing test rig simulat- decreased damping.
Ing in scale a gas generator engine was de-
signed, fabricated, and operated. Because these 6. Maintenance of a high pressure cavity
test results have been previously reported I], by a device such as the oil seals is important
results will only be summarized. to the operation of the damper.
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7. A suddenly applied unbalance produces configurations. Some of the present and planned
no large truaients, but simply an Increase in applications are shown in Table 1. In all con-

amplitude owing to an Increase in applied force. figuration$ tested to date, amplitude has been
well controlled and in no case have the effects

8, Variation of the soft system critical of critical speed limited rotor operation, Ite-
speed In the range of -.-,,-- from 0.10 to 0.51 suits of some of these applications will no%% be
produces no significant effect. reviewed in detail.

9. Sizing of the damper e.s be established
by the relationship Compressor Rig

The first application of the bearing damper
-- 31. 10 was to an hp compressor rig. The physical
1h Mw,. configuration of the damper Is shown In Fig. 6,

while the signiflcant damper dimensions are
where given in Fig. 9. This rig was operated In four

builds for more than 229 test hours, using a
R is the radius of the oil film in inches. single set of damper parts. At the completion

of this testing, all parts were in excellentI L is the length of the oil film in inches, condition.

ht is the thickness of the oil film in inches, Typical test data from this rig are shown
In Fig. 10. ,ll amplitudes observed were well3 m is the mass of the rotating system in within monitored limits. The 1.25-lb/min flow

lb-secl/tn., and resulted in an optimum damping condition for
the first critical speed, producing a peak am-

Sis the soft system natural frequency in plitude midway between the hard and soft sys-rod/ fte terns first mode critical speeds. It is therefore

likely that the amplitude at 18,000 rpm also
represents an optimum peak for the second

APPLICATIONS mode, and further increases in speed would
have resulted in decreasing amplitudes. Oa

The snuces c4 the bearing damper In the the other hand, the 5-lb/mIn flow represents
Stest rig in controlling the detrImental effects ef an oveydamped condition, and Increases In

critical speeds encouraged us .o install the speed would have resulted in increases In am-
kdmper cn various test-stand rig and engine plktuae ip to tha second critical of the hard

TABLE 1
Applications of Zthe 4l-Squeeze Bearing ,.ainper

I Application Bearin. -ryPeL' Crieticl Spee1wdi (rpmu) DEsign16 Spece (rpmn)

Test rig Roller 3000 'o i000 joult)17,000 (hard)

-Sp corapresser Ball 6100 and 11,80fW (soft) 17,800
10,200 and 20.200 'hard)

Gas generator Bal C050 and L1,500 (soft) 17,500
7500 and 16,800 (hard)

Prototype turbo fan lall 6000 and 17,500 (soft) 20,000
9300 and 2.2,000 (hard)

Single rotor rig RcGler See text 30,000
Smi allýited.-Uow Roller 10,000 (soft) 50,000 a

cri 40,000 (hard)

F-. drive I Roller 5000 (soft) 15,000 b
__9000 (hard)

aTcst in progroes.
bTes, to be run.
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system at 20.000 rpm, although amplitudes in the previous section was installed in a twin-
would be lower than if the damper were not in- spool engine. Slight changes were required in
stalled. Unfortunately. operation to higher the bearing damper design because "if geometry
speeds on this rig was not feastile. and changed critical speeds. The significant

dimensions of the test configuration are shown

Prototype Fan Jet Engine in Fig, 9.

Upon successful comoletion of the com- Test results are shown in the table below.
pressor testing. the hp compressor discussed In the operation of the engine, a single oil flow
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070First soft 1 0,40 0 .e 8 0-81 1 ehngle-a~xil plane- This rig had consLSt-;O vi- €-
5 ,000 O.GI 1.5 1.00 brattion problems which at times caused radWs0 Ioft rubs oro retice0.00i Bcus f h

1,rOM imn .8 115A1.2 complexity oi the rotating frarn and Whe sup- 3 •
: ispeed F porting system. critical ,ap-eds w-fre idliffcuR |t'-'

vau of¢,R 61 U l,ý/mtn was cl•4en Initially nnd w'as problem was most probably criti¢-,i-speed in-
not vari~ed thouhot t4 testing, beemuse am- duced. A bearing damper was therefore incor- ---
p•ltidt rajolit Vu¢e acceptatble. For this con- porated tin the deaign. Detail dimensions zre

0- *1tia m - h4 it8 Pt 4

_________ ___________ _ _ i"ipi tii i2O pmfrfL

esrdt, first hard,, second "t, ad second rd "no vibration problem on the original rg-

Front (it thesag saysteamiath evc oudrad c

i i3d~J oI the yBearingwaA evtidenced in y high h aodg iratqo In the
-Th_ . respot.e o- Ue systeamto a ewJdeeis h5,( h-rpm .aver ging leabut 3 mit and,

i applied unbaiance w• oJb.taind uainttentlookily ou Waticular bvld, -uming kh-eLmshihfcr.
_dJ__ tfte - enggere ;eat program. This With thco bearna dcmpor retaited, -.nd a con- na

w stiant o' fow of 6 biln. Alpikuki-a hve been
r•Oir b oai• fiked while rebsat 90 r itrcen oed• n,.n b oe- ra I n mcl ors of - las t he3L,. Ldesign rpced. Conlinuouly recorded dap chr- Typical test data for an identicai pickup both

ting tbe i~talle and vublqueot shutdown showed wi atit withoutv. the damp-e-r art- shown In Fig

vahie ot iflhI~hily and ira prole Ia -oo proabl ofi th.s eein

th..a rotor dieplceen! bid no b!gLIicant tKan- compl1xi - o t2."•t the ti emond the the
atent resp o"bte tnd the tinref.ao to amplitude problem resulted from the iddttton of the damper

S i w~g tt~e Lcra.•d~_•LceThe olil~mp43r mid not simply from a chiange in critical speied
s dccesafufly rs 'U- olle the afplitude so that ca pi-ed by the fl-ebde suin pprt, the rig was run

W.e damper. 'Th ciztrance a• thene BLtos was• a, e aga ins~ioT, ;Ui Fig -I j• leatg was- ter -
c-ooe fir- prevent cond s.ot. ande6n rodttb-r And mri-bteL a in ohi p cabe a o 2 e.000 rpm to pr igect
oaroiatiig part s of .•ixn w eigdec, agaiinst damage to the ri pu
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Fig a. Test results s- ingle rotor rig

DAM...PER WITHOUT FLXIBLLF USE OF FLEXIBLE SUPPORT
SU PPORTa

Given the success o the squeeze film alone
A limited amount of testing was also done on the kmn rig. an nbvlous question Is whether

Him *x'tihntba i:!i! M texhIA 4a NC454JLC Ct4SMJ*. L-5 O ar

support Trhi coltguration is craned vhe squeeze The Squieeze (lian alone •ma the adva.ntage that

film damper Arm.lyticily. this t-T inaicaliy the few additional plarlt and little additional space

same concept as, the bearing damper previously are required compared with conventiona) de-

discussed, but because the flexible support signs. These coaibipe int•o the fu-tiher ad-atage

pa. g rat. .8is ellrtainated, the ,oailnuaz spring that it is therefore easier to une in mcdiftctior

raitt of 1hk oil becomes the significant ,prinig in of extiting systems. With the current dtgle-o-

the syatem. This type damper has been applied the-art, however, the flVxibl0 su--..ort a-.p,>arb"

to two fan, r!gs. The first application was to a to be at least desirable U not neceesFry. T"he

roUer bearbig that had a known (alter testing) use of the flexible #upport has the fojiowtng

critical speeod near design epeed. The squeeze advanttages:
film e'o licura"lon and s•g-nt, icant direwicns

are akown in Fg. 12. Teat results of sh-alt and 1. It permits the separation of the two
housing, ampiiaude vs speed are given In FNg 13 functions of the control de.ie, In tLhat it acts
for the corslguraticn wlth and wtiout the damper. ps the spring of the de-'ice an-id permits theh oil

b-uilds beyond the squeze t,- Itc Cf th e spr-ing rate o! the ci!.-
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-NMI~w'.ar E tAiz Samr-aIia4 4 kM ~no'astilled HA7"evar, g ~rrAj be r"WdL%7 &ShptW~

ditdwith Ii-. ftaxthhk uiVort 'uhilr withaoA '0.
thet omitnear oil spring must be c-mtdo-r.-d- ligu~t~lim. hlgsk perfur=n2a wing~

diestgno wto" reetitteA 201VU M~~s by V
2 A Arand e4W.'ut th xapaationcd A i 01iHeSS PIR~IMn4era "sufiM n wutigf txr

functluim it that during initial aer-a iimncif the other prnetillsa

is not the ceavi withoilt tho damper induced by the rotatlta parts

a~ noe jiaribi, OUujrt et' t il do-IJh 3, As in tnlcgrti pa-rt Of n~w rigt or an-
Ilevllon oX thr- rixor when not t-oatIAW. irtne. to tri-re saetlifa~lkor-y IitltW) Q-a1rkjw_

~i S-cai Ith4 tbtcLqýj c4i iA te tij wz mu-ch pr~ib`mzn Thev damper has thead &Jvkmiit oi
la~r~er ill the beskring dakmpe thn In the- squeqze paeraltutng operatwio fr. the nam~ ayzista, t~ -

t~itfUrM tenliiiacnIe rtcl 'r~~nI i lw 'mit~~tŽf~ syzzem. nasthuiutg to ren-reg of the panis soft system. or it in Ofptimzted cood11kaon by -

evaluated Ini a single txdtd.

Teoll 49o* bearing uampsr ur~
vLpwed PA a ri~utre'd or even 2 desatrble tddl-
tiori to sail u'xtrttng rotating metpo~ittry. II Uhoe 1 M. Kuilna -t nLL. "A New Conceept for Cr11-
cases where the effcts ad crticlta speeds can teal Speed Cimlrpi," S& M~ 670341, HUl
be Adetitately eCiatrolled by m-ass and stljzwaa Aeroinautics MeetihW, Now York, Apr'. 14-
alcne.e Incorporation 61 a damper LS ecen~mlcalkV 27, 1067

DIRCUSSION

Mr- n 5~ Nesn(ut nyYHave you ex- U rlp Was- the; any eileci Od oil
amlsiio onxtyrmnyitrle ikitijw- VtLRe0iett it LAS- reaspect?

tloas such as rotors which have urtequal stWl-
ftaoese 7 Mr. Mutlowj We have dowt ik lIMi

amuouni 61 jUdy? on the efiect of oil viscosity.
Mir !,a. ~n . _w"I Or Us..sU,..,-' M

help U3 in nodinq damping to the syslarn. 'Ae
Mr. Neipon: Are you planning ioý used the 32ame oil "n ck-inged Lhn tentpearsure-

In any ci~se we- did not. seec any aookyoocu~iou
Mr -Mullen: Prob-ably. yet. Masi 4~ G-4r vtbralUcgi in (U&n cotuwicrtin.

deverpIen s donp specUiraliv for Msrtfvu-
Iss coImpb-ewor rigit, i hope we will continue Mr. Jon~es (Air PQ!-ce Materials Lab_4 You
in Uh S a arc tr,,loo aenisht~ .a _ t Jiri

'tiscoelty Were there tiny Problems with re-
Mr._Orolup (AlIzwion Dlv-..GMC): During "urd to temperatur.t in service as a result of

your lee--;rfwor di-oyou o-bs&Fer-ve ay arhrl. In- til ?
Sibbility or nonsynchrouious type of respose?7

Mr. htdlen. No, wecauser the oil Ilow gen-
Mr. Mulien: t; by Irnstability you mnean erally was ltlrfy Large- it divver' f'tiriv well

apeed rttv wr did notice C1tOno naiocithrer It ill WCLt gnrl!iEti
vibrR i-on. Almost always %e ~ould attribuit ii amt %as ceded. I sho-kdd mwd IbAi we do mit
to low Utl flow and higit ainPlludes W11i01 wert hAve Unts In "siev Thin tial been riun only on
probably giving us anubbing at the mecha~nicalt compressor rigs and prototy"p angincea. 11 is
stopa net( In a service application yieL do belie-ve
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DEVELOPMENT Ofr PRACTICAL TUNED DAMPERS TOI

t OPERATE OVER A WIDE TMPERATURE RAN-GE

A -. lV- na.hil

and irafl--1-rt d , iwvpor tu tgrwt fezE.-na f ai~

I AAe t~wnooraurt Tang- an~d to ..o* -

a -~ 0h~ I qtahiw a F much nA. rdr~ewijn a daiz I

t}MTROUtT1ON- il'F ?t'.tlr antannit. uei1g at CommerciAl 811tooett
ma~trIal that exhibits~ good dampinig anod high

Several technilques using high dampling ma- atrength properttes ovot a tewpprrature rswK-w
terrals ftitw. boon developed for reducing viibrs- of - too to +1100Fr
u~ni aipil~tuden in structural Member-0 Among
Visab-. the tuncd vilare(*etltC dAMP017 havO becft
videly Lnves~igaIot in recent Years because Of NOMFNCLATURE
their high daMPIg CaPabl~ltief I t.2 1 A SwPi"Ji
purpose. tuned. viscoolaatic damper. develaped A Aznplifkation, factor at reeouincwe
recentty at tht Air Force Mater"ll LAboratory.
hka been very successfl in In ncreatsing the, @cry- [ fle~al W4r of youncis e oduta a! ro
tee W'e of: ITF iradat wdcnltea subjected to a itlastir mstvrW Lb -iIn 1)
severe vibrational environment 131 AA 2 result
oi thRI progam, Rt was coricluded that it in Ios- k Stiffnjess of tuned damper fink~ (lb - in)
alble to produce tuned dempirng devicota that will

inure uovo &L wAide ronse of tt'mperaturta by utii
laithig tkht' vwaoetihetir mittu~rial in M~e rvhlAery S Crolso-eeleiisoal area of Vfiaco'-likl811C ~II
ragloo t.a TI Is above the giass trarisuiwj tern- l )
pnet attre

-Lase [actor of vireoeteasti malortla
It -its thrrefoý- conSide-rod rdvantakeous

t~~i P" '~b~~ Z Vibi~p!!r eight of vtacoe~ajtc link Onii
ties[ tunedl visto-Inelir &frnmsre tkh. mj. '5-h

loilouwtng r'urmia:(a) compact size. (b) Mails ratio betwcev the Mass of tuned
*lifFhtt (ri 6iff ehinat of SrtlrSp.1Cn 1d) dapr n ha lthssrutr
stmpeicay Wc aimlach-%1t-y strlnapetlo I) daMghn ta 1te tutr
damping proporitle ovtr a wentperature rantla Iý2fctC V1-R Maca ratijo (see Rel; (4 J)
from -100F to 60Cr, a&nd tit ability to wlth-
HUMn S Verevirat10rmi 4n1iwir09n-WC- o'-er Nowtail frpquenry of structuir' /radirutc)

this tenipujrntnre
*~~ Na'ttural frequenty, Ll dumIx-ip unit. (rotd/tcc
iIII Ol te Purpo-IC of tiii,; Peper to Outline

design prf-iiedur<es for deto'lopinf Iuri'd vlnro- DEIG imoC~l3U"
jLnailc dernpei-a thpat tneet atl thi!1zyeic
qtmlremetnte Te piflertlypites (A auch a desatgn Cunisidrr i tul'"d vlAcculaittic dnnmpoi c~un-

* is~t demonsmatrated t~eiet~yo hp aatnt elating f 0 nmansq mCOnjIMCt-d thr-,Aglf a
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For LMlJ &L1Wfurv --4%mj*r Crate-M to i upti- WUWoLm' ratwre is~ tw nw~dulf A -r

am4 the. link stiffnhea. 9 Lh&v 4tmnpor LO give 1! r(ouaujlu -4 mooei vu-I~si m~all( r-Iruis ýfunjrm
th* aFffnpriatit ¶mkurtl fraquency The r*VL- rpbdily wth temperatuire trounoe the txrt-n tu

tiwkp *weun the raturaJ ir euenty- -,- U regbon~ ifbtwlwin the Xuisarandk thp rW~vrf
IW4oUmend dknip-er sd LWa cif the atrbut# l ruioif of Lns m~iruir? 1Therelore, dit ks r-
heg boon deriveic 141 tor atrut-tures thai cXihlID1 Panaryr to UWijZO v ac-06A.Bic r~akle ttYvmz

W~aly rpamm LrwaIronemkv . to aotj.l rto r raitzre ?in e hýtit :pea

&LA-rlc-A PRACTICAL APPLICATIONl*

D~fttttn cdtheProbIrty,

wher daperto eanten the UAw ~ n yia

wirf ran~e vibrttiora iiniuitd by gunfire in the

natgbborbo-d- Cit the amtnna and was eimulAted

int a siiaor tomt by the randui Input avcceldlraý
um~ spectrum Ilustr a In .r~ig 2- %Rpid fail-
urva occurred around the 'rim of the antenna as

j ~ Ishown in Figs 3 and 4. The rim was trim only

ire% Ybjcet*ct to seveiye tNerwdln stress-a. and
thte aode of vibration was robser-vnd to Ibe almost
plairmn-liko. vith an '-11or'lve pivot near liv rim.

v- scoala~tt~ damp? rI

Deai)e 13h V-lh -~ Ity is: in tno~t

ere. 11 4 %!A11,40.1y MOVAnit oug to lksgurn an 4
&L14w~khte ciA4;vk PL~ Uireutr. Proceed to solve
Icr 11.0 Jtnk viff aes. k. irom Eqo. (1) and (2).-
D3y oV!tti4ýg 44a .Ipk &RIIIinn~ and usizist

ib.x ý s" PAj F,!r! CA iov~lxg~l mcXh2Iub.S

~t aitina~i tt~-an tLh iWprl lOSot

%g wcca~li-Wc riieierial and th e 9 ev in a; y ofZýý, ::Lk c~J 3e21'rdem~e els
Y" -" -m I
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To better determine the nature of the prob-
lem and to seek means of avoiding failure, or at
least increasing the service life of the antenna, VISCOCLASTC MATEMA.

a sample antenna was excited harmonically on G--

an electromagnetic shaker. Amplification fac- A A

tors (ratio of output acceleration to input accel- ... . .' .. J
eration at resonance) of the order of 30 were
observed to occur near the electrical connector M1- s R

at a frequency of about 485 Hz in the absence of ""O or
damping additions. The antenna appeared to act sTW i
as a single-degree-of-freedom system as no
further response peaks were observed up to
several thousand hertz.

The surface strains at all points apart from
the rim edge were very small, and all attempts
to use commonly available layered damping AEL
treatments were, consequently, fruitless. In
fact, because the energy dissipation depends on OPOWNA

the local acceleration level rather than the
strain level, a tuned damper was the only pos-
sibility apart from a complete redesign of theantenna. OTO.ACl[

StC"ON A-A

Initial Approach to Damper Design Fig. 5. Location of damper

The initial damper designs of the type on connector

shown in Fig. 5 were built on a largely ad hoc
basis, utilizing readily available viscoel-'s1
materials. These dampers fitted onto the elec- this material were evaluated as functions of
trical connector at the center of the antenna. terperature and plotted as shown in Fig. 6 for
Several viscoelaatic materials and damper di- a frequency of 500 Hz by use of symmetric
riensions were tested, and each individual cantilever beam specimens in a complex mod-
damper configuration was tuned by varying the ulus apparatus [5].
mass, m, because this was far more convenient
than varying the stiffness of the viscoelastic link. Several tuned viscoelastic dampers were
These tests were carried out over a tempera- molded using Paracril-sJ with 25 PHR warbon
ture range of 750 to 150"F in an attempt to black as shown in Fig. 7. These dampers will
achieve low amplification factors over as wide be referred to as the Paracril-BJ dampers.
a range of temperatures as possible. It became The antenna/damper system (Fig. 8) was then
clear from these initial tests that the variables evaluated under sinusoidal excitation at 10- and
involved - namely tuning mass, geometry of the ev els. Graphsuof eation ampli-
viscoelastic link, and variation of the viscoelas- 20-g input levels. Graphs of measured amplf -
tic rmaterial properties with temperature - were fication factor A against temperature for the
too great in number for a simple design proce- antenna/damper system are shown in Fig. 9 fordur tobe doped.A geatsimlifcatoncould six different dampers. These results indicate
dure to be adopted. A great simplification that the Paracril-BJ tuned dampers were very
beeffective in reducing the vibration amplitude of
properties varied very little with temperature. tie an reucing the vibratin amperof
For this purpose, the ideal material would have the antenna throughout the operating tempera-
a good loss factor and a rubbery region behavior ture range.
over the operating temperature range which was
from 500 to abott 2000 F. In view of the results shown in Fig. 9, sev-

eral antenna/damper systems were subjected
A viscoelastic material satisfying th', above to the simulated operational environment. These

criterion was found to be a medium acrylonitrile tests indicaled that the life of the antenna was
ru".;er known as Paracril-BJ. To give this ma- increased considerably by use of tuned dampers.
terial adequate strength to withstand the severe This fact was later verified by field test data
vibrational environment, 25 PHR of carbon black which indicated that the average life was in-
were added to it. The damping properties of creased up to a factor of 12 times.
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After an extensive evaluation of the dampbig " r I -- , 0.05 Ibecause the antenna behaved as

prop-rites of several viscoelastic materials abi a single-degree-of-freedlom systei with its

a function of temperature, commerceially€ avail- dish-like inner surface acting 2a¢ 2 rnasleos
al-le Silicone Material were iound ko saltliyi the Eipring and Its electrical connector and cabole
above requirements One such material fis a acting as a concentrated mans at the center).
high strengthi 5ll1cene aealtant manufactured by Eq_ (1) gives =-• Therefore, the tuned

the Dow Corning Corp. The loss factor a•nd the darnper w¢as designed to h-ve a natura!i Ire-

twere evaluate-d -.1i 'he Ibiraer range at. a function in c-alculatbjiv th'e geometry Gi thiF damper. Th e
of temperatutre and frequencey by a Juittzble tech- dampner was tuned for the mo~ddle of• thLe iempie-r-
nitr.e (61 °Tiihte resuite art! shovv'.n int Fii;- 10 aruis iange mid ior hidgh acceteratio~n |evei in-

tior a trequerkcy of 500 liz. The lose factter and puts"r- i ,Ta• wa ecause the ,'ntertna ituelf 'A.s
=Young's vOuhlu. a-e, als.o Eho•'n L-- fig- I I a6 auuvjort•-d EQ fM~freely highI accelera.tions.

funcilons of the acceleration input level for the
narw5 (requency (, 500 1L, fti roorm temiperatiure. Severajl timed,( VaicelagtiC (faints'r* we're
The eflecttvenes?) of thfie matertz!, tn , general built to Ithe dealS, I F 'gVitt theamp,2r" itself
dlesign appioach, was desnonsrated oy bimlding had a diameter of 0-7 in-, a height of 0.6 Lit-, antd
s everal tuned viecoelaslic darrnpers to redurk, a twtihvg mass of 0 03 lb Three diampe~rs, Nwhich

I _____ _________ ___,______"_

[he Albration aenltt~u& of tit? eame radar -tll'- be rcirrvd to is the Sil•-•N jamp-.lro. were

Santennif ad~hered to (L-1-lop elec~trical cunntnicors. and "ttertr on the aorenna dmpcr syetnern•,w-•rt ( -:

A signifirant traction of ti! m.txhdm pnu ried out Graph of heu thmeanured aaplUtdatlon

a- luntion y o jeme u-re. commrI,•ally dampl- dish -i 5-. and .u-g acceleration ntlat levels'

rres h;iblF a oa05 '.C.0re C 0.2 can be ahierhived and iF- 14 tor 1 o5- W. nd c5-fo aceblers-

aowith rq niur emaeis (Letwee, the at!rqs if isa tati nlrg levels c t catl he tSeen from ther)
damhper and ithti of e strutuntre) uf ouey d=0 05 fgu'es that tg e amplUicata T r .fore, the tuned

i lenco uCing ao loss factorof 0 2 and puthine anipe r wa- dasopr oysthn e ar4 ntut lower In
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MULTIFREQULENCY RESPONSE OF VISCOELASTIC DAMPERS

Ronald K. Newman and David C. Kraft
University of Dayton

Dayton, Ohio

A theoretical approach for the determination of the response of damped structural
components to periodic nonsinusoidal and transient dynamic loadings is available
through use of superposition principles for linear viscoelastic materials. Only a
small amount of experimental data is available, however, which verifies the appli-
cability of this approach to damping materials that exhibit a fair degree of linearity
under single-frequency excitation.

The vibration response of a viscoelastic material under double-frequency input
excitation is investigated analytically and experimentally. Comparisons between
theoretical predicted and measured peak accelerations, and force-acceleration
hysteresis loops were made for an experimental single-degree-of-freedom damped
system. The correlation of measured and theoretical response was favorable (* 10
percent).

An experimental procedure for determining the damping properties of viscoelastic
materials is developed. The equations for determining these properties using ex-
perimental data are detailed.

INTRODUCTION used techniques developed in recent years by
application of these structural damping con-

The use of viscoelastic materials as damp- cepts has been compiled by Jones [4].
ing treatments on structural aircraft components
has received considerable attention as a means While the response of linear viscoelastic
of reducing vibrational levels, with a consequent materials to single-frequency harmonic load-
reduction in fatigue failures as a result of dy- ings has been well defined both theoretically
namic loadings. In recent years the trend has and experimentally, many loading conditions
been to achieve even higher performance and occur that are either periodic nonsinusoidal or
lighter weight structures. This, along with the transient in character. A theoretical approach
high acoustic energy levels that can excite vi- to these nonharmonic loadings Is available
brations over a broadband of frequency, has through use of the Boltzman [5] superposition
forced the engineer to rely more on techniques principle for linear viscoelastic materials. It
that damp the resonant response rather than would appear from a review of available litera-
avoidance of natural frequencies in design ture that only a small amount of experimental
situations, data is available that would demonstrate the

validity of this approach to the nonharmomic
The use of constrained layer, viscoelastic excitation of damping materials that exhibit a

link, and tuned damping techniques depends on fair degree of linearity under single-frequency
the applicability of the linear theory of visco- excitation.
elasticity for determination of the response of
damped structures. The concept of structural This report presents the development of
(or hysteretic) damping which is based on linear the equations for analyzing a single-degree-of-
viscoelastic response of damping materials has freedom damped system under single and mulU-
been used for many years in connection with frequency dynamic loadings. The single-
aircraft flutter and vibration problems. The frequency solution equations, when combined
relationships involved in the use of structural with data taken from the experimental test sys-
damping concepts have been well defined by tem developed, permit the determination of the
Soroka [I ], Myklestad [2], and Bishop [3], and a structural damping parameters (k and h) of a
thorough summary of many of the presently linear viscoelastic material under single-
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frequency excitation. Experimental evidence is K* Complex modulus (K" k ih)
then presented providing comparisons between
the theoretically predicted response (based on m Mass of suspended block
the material parameters derived from single-
frequency tests) and experimentally measured mi Mass of the base or frame of the damper
"response of the damped test system under
double-frequency excitation. s Shear area of each damper joint

t Time
NOMENCLATURE

Xb Peak displacement of the base of the

A. Peak acceleration of the mass damper

A, Peak input acceleration Xb, ;b Displacement and acceleration of the
base of the damper

AtJ Peak input acceleration of ith frequency
component x% ,x Displacement and acceleration of the

mass block
A. Peak relative acceleration

x,. u Relative displacement and acceleration

t Thickness of viscoelastic material in
each joint aj Phase angle between the j th frequency

component (wj) and lowest frequency
Arbitrary constant component (w) of the input accelera-

tion (;b)

- Base of natural logarithms
3 Phase angle between the acceleration of

F Energy loss the mass block and the acceleration of
the base

f Frequency
- Pt

f,, Natural frequency
., Phase angle between the relative accel-

F,, Force on the base of the damper eration and the acceleration of the base

F, Relative force (force in the viscoelastic Frequency (2 •f)
material)

G' Storage shear modulus DEVELOPMENT OF ANALYSIS
EQUATIONS

r, Lees shear modulus
Single Frequency

h Loss component of the complex stiffness
If a single-degree-of-freedom system con-

h Loss component of the complex stiffness sisting of a mass, m, suspended by a viscoelas-
at ith frequency tic material as shown in Fig. 1 is considered

for dynamic loading conditions, the differential
H Absolute value of the ratio of the peak equation of motion can be written as

acceleration of the mass block to the
peak input acceleration m. Y forces on mass z K*(-x,) (1)

,".-•T where

Designates frequency component other K" k+ ih
than lowest frequency and (2)

k Storage component of the complex stiff- v-.
ness

The complex modulus, K", is composed of the
Storage component of the complex stiff- storage term, k, and the dissipative term, h,
ness at the j th frequency which often are referred to as the structural



2 Substitution of Eq. (5) into Eq. (1) givesIxif* (k/r + ih/r)xr x "ib (6)

7r,.- which is the basic differential equation to be
solved for xr. If this system Is excited by a

TS TRAM harmonic displacement ad the formL.. BLOCK ~~3M TA PEXbXhet()
Xb e hl' (7)

then

HEAD ,pO + (k/m + i h/m)x Xb w e (8)

Assuming a solution of the form xr ce'"
gives

Fl SHAKER PLATFORM I X6GI2 
,e

- k -mw 2  
ih

Rationalizing Eq. (9) and writing the result inx.m polar form produces

Xbw~m 2 Cos (wt-0) * i sin (wit- 0)J
__________ [(k -mw,)2 + h2] /2

Fig. 1. Single -degree-of -freedom damper system Realizing that the imaginary part of Eq. (10) is

the particular integral corresponding to a forc-
ing function of Xb sin wt, the solution for this
type of forcing function can be written as

(hysteretic) damping parameters. In Eq. (1),
the inertia .of the viscoelastic material has XbI w sin (wt - (.)
been neglected as small compared to the mass, Xr i ' (12)
m. The structural damping parameters, k and 22 h2 /

ii, are related to the complex shear moduli, O'
and G', as I

where Xb w
2 

* peak acceleration of the base and
.pphase angle between the relative accelera-
tion and the acceleration of the base.2s (3)

(3Because the relative displacement or ac-
G" "celeration could not be measured directly in the

test program, it was necessary to express the
where thickness of viscoelastic materials response of the system in terms of the accel-
and s = shear area of each joint. eration of the mass (0,) and the acceleration of

the base (0b). This is accomplished by substi-
The displacement of the mass expressed in tuting Eqs. (7) and (12) into Eq. (5) which yields

terms of the displacement of the base and the
relative displacement between the mass and A.m =I sin (wt- -0)
base (see Fig. 1) is given by ,, z -A. sin it- h1/ (13)

XM~ mXf, # *(4x,. ,(4) where Ao - Xb .J2 . "c

and The energy dissipated per cycle at the sys-

m ,•b+', (5) tem can be expressed as
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material can be obtained by recording the total
J dx (14) force to the base vs the displacement of the

base over a full cycle.
where

F, : (k + ih)x, (15) Multifrequency

and differentiating Eq. (12) gives Using the principle of superposition, the
response of the single-degree-of-freedom sys-

wAa coo(wt -) (1) tem to an n-multiple frequency input is given by

"1 W2+ j /-Asnw A.1 mWI sin (wit - 01)

8etitution of Eq. (9) into Eq. (15) and reten- ,=A sin I.) t - [ )

tion of the imaginary component yields

F r (k"- Am r ha { k( k -m w 2) + ha s in w t " A,' sin(w)t-a 1 ) j _,,2 )f + h -

(k- w3 +h21()- 
4.hf 1/2

- s• co, wt}, (17) (23)
from which Eq. (14) ca) be written as where aj - phase angle between the ith fre-

quency component (wj) and the lowest frequency
.- r I component (w,).

2W /a ~ 21j ., r WCo (+ h" j5 "[k(k m- ) + h j The energy loss from a multiple frequency
input is not as evident as the response equation.

x sin &4 - hmw2 Cos 04 dt. (18) Using superposition, the relative force and dif-J ferentlal relative displacement become
Upon Integration of Eq. (18), the energy per
cycle can be expressed as F As-m kIfkjk . )+ h2]2

(Ic - 11  
*w3*h

(kI-mw2) + ha
z. A:. 2h• (19)1

(k - m2 )2 + h2 V sin ývIt - hlmW 2cos,•t}

AgLain, because the relative force and displace-

ment could not be measured directly in the test rr -progpram, but realzinj that the forces involved + 2 )k(kj - mw?) + h2
are small and that consequently the only energy J.2 kj- mw• 2) + hj

dissipated in the system must be in the visco- 21
elastic material, the energy per cycle can also x sin (wjt -a,) - h) mcj Cos (Wj t - dj)
be expressed by 24)

E :Fb dXb (20) and
fwAo1 m cos(t-t

for w h ich dx , .. A I i- ,b /

Fb = (k+ lh) x. + roA sin wt (21) 1(k , mw.l)
2  + h2 2

where is s umass of base or frame of test flg- ) AOr M corn (CO) t -*- a,) (tlres, ad+k M2 +• h /2 dt. (25) .

dx 6 :(A,/,•) Cos At. (22) [

fbhetitution of Zqs. (21) and (22) into Eq. (20) Substituting Eqs. (24) and (25) into Eq. (14) and
and integrating yields the same expression for integrating over one cycle of the lowest fre-
energy dissipated per cycle as given by Eq. (19). quency component gives the foUowing equation
Consequently, the energy loss in the viscoelastic for multiple cycle energy loss:
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--, ..... _ - .. . ... jA:,y 4%I
(2)

) Upon InepecIuon Of EqBf (1t) and (28), It It evl- Or/1

dent that

This energy cxpreseiOn le w2ld wlý.(In _
aj, it~egral lnoul'Ple of *..Lecaoeec the qu~aalhy
E to an enerr- loss only Li an integral number
oi iycluis Cot$ldered. It should be rited that Fig. Z. rcc.-teratuon arnd

a and F• are the me ierble quantities g and, (OrcC di=•r•MN
as in the srngle-Irequency problem, the energy

16z.Ci l o b &e otbnd. rf-/,,, Fb "Ib O.! n"

cycle of tde loweat irequency componeat.
getting the result equal to zero yields the vwaue
of •, where. la a maxlmuz , g!ven by

Matertal Vibration Paravietvrc -

The parameters ý, h, aind ai give." b" if ki , --. It-
Lqs. (13) and (10), are propertien of the mate- a, ILI I
rnl and depend on the Phystcal size of the par- (30)
ticular damping pieces used In the experiment
(see Eq. (3)). These parameters. then. are of Substitutn•ng Eqs. (It) and (30) into Eq. (13) and
considerable interest and mvat be evaluated solving for the parameter k gives
over the traquenc,, range of interest.

Blecause j. could not bae dlirctly measured It coitcs 2 # cco' I -ý[O t I - H1 1)
but the phase angle 0 between the acceleration k
of the base and the acceleration of the mass "j1)
could be, it was neceasary to calculate the peak where
re~ltive 2cceleration anxd from Lie vector whr
dia'grami shownl In Fig. 2. UStin ,]--+ law( O.f•_
Coiesoi 1,~ (32)

1A o m

7+A: -.4+ N'•o, (2e t3 Thus thes ;'aues of e. k. and hi can be deter-
mined directly from Eqs. (29). (31), a21d (III).r'espect-ively, based on experhnentLa OICasrC-

where A,, A,. and , are the experimentally ments of A. Ae.y. d 0. Cre nenta be uoa e
determined peak relative, input, and m ass ac- hent sol Eq. (31 for 0 . Ta e on"y re way

celeatiUB rs-I'etvelyThearkl'x 4.1he-When) solving Eq. (31.) for k,. The oanty sure v-ay
certon tle determining the correct roo of the qdrae
tween relative acceleration and the acceleratton o plug the va rre t o t ac to q.is to plug_ the vatlues ul k anrd h L-,Ack Into Eq.
of the b.se. must Wuen be given ut two separate (13) and solve for 7. which will prove to be
Sequations, which ;ire equal to A, for the correct root of E". (31).

Also. knowinz k . h, and A- perwite energy
It A. A, i t to. 2 ca Ls determnlnatloaa Lor: a6igl anld Ulultfro-

aid -(29) quency exchtations by uoe of Eqs. (10) and (27).
To facilitate the evaluation of experimental- ; " " •:• •f!•L- . . .>,• +' ...:jl,•• % ,-,+ • .. ,,od~ta, zonnputecr pt ep. ares wLere -A'rtten for tht-

Uv. of 'ayton burroebe 220 digltal computer
tto calculate L, h, and 4- and also to caculrteHal~rig cletermtned .- a nd knowing the vallue Wl fb• %v]tm,;u); 8tm or wkdtiple

the peak accleration 4A the mass. it is then frequency excitealiond.
necessary to dotermiAe the value oi fi at whý.ch f n-t.
thir peak, occurs DifterentL•ting •-q. (13) annd
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I TEST PRJC41)UU.I anmplifier notwork Sor combining the two Ire-
quac-cy cornpnote, iiid conditioning the aignal

Thew lost setup developed Pand Used u)i tite prev!Aou.s 10 Input to the vhaker- ii tingwle, are-
I exptriuwritai eailuadon of k, 1" arn'i ,and In Quency totsi. only 04w, hawi paes filler was

determrtaniton cif tlve res monse o( a snl-ubed.I~ fegee -0,11-ireeOdom system1 to double -Iroquency
exoct~tion L* 0eown in Fig. 1. The vlnceeLasttc Us indicated previously. die 1impedaiice

* I Ateprial choeeo w~a &eotch Mount Preaeure herid permittod mpatironient of tvif' Inp~it force
* &tiieltlve Tape Noe. 0033C, manufactured by the and acceleration while the accelerometer incas-

U13 Co. This diinpring Ma~ertal was choveti be- ured the acceleration of the Maas block. Trhe
4caunc of Its relativeiv low elaetitc modulus as sigivALs from these tranisducers were led to a

- - I eivittawd by the Ihnited capacity o! the tir-hne tftokIf~I~e'-Uftr YNICH
s haker. its *iv~n4f1Qan( Cemflive ip moula .Fehr anI nd thr forve and accoe-erattial ley-ls- w-rc read
phase angle with frequency. and Itst linear ro- dire~ctly from these Viret, Me-tera- Thft rec=ord-

j sponse in the frequency and acceleration range Ing instru mentatton used for the attn.ee-frequency
of Interest. 15naltlvlty to temperature ind 11sAV Ums n~ot skilable for (he dvi'ble fvvquelicy
chine ID propertlev witth atfŽ nro undeatrahI' tests borause the vats~a wc~rc - 'e shuai-
chhtaeteristtes Li tdiizt ibitiital that wore ovcr- oldal ;Fhe impedance head and accelerometer
Come iby holding the test ternperatil-e constant mol~eafs& from dcu'Ae-frequency tests were ILd
(±1F) and by coUlocitiq the experimental t-lia to a data sampler Wý -ch provided a one-tbirtd
for compa.ri-on purposes o-r x oue-day period. hertz replica of the signtal which wae lhen re-

coDrded on an - ;plotter. ThefOtO4n record-
A~saeml-. ,of 9we damper was accomplIshed Ings were made. by the x -v plotter for all dou-

by attachitng :iu tap# to mass and asserrbling the ble frequency teets:
!jairae with tte tape to -mas in place (see Flir, 1)

~T5 zpe-r Was mo ned atpan.pea I. nput acceleration ve timo (combined
heatk- atl5ftafit~a futhe _hh7t he double frequency, and each of the componentI lmnppdannýloe iAc permintted (lie nmasuifirenert of fequanci ot I

the force and acceleration applied ito the test
fraina. A minititure accelerometer was attached 2. Acceleration of the mass block vs time
to the top of the vibrating anse block. to addi- (rom-btied double frequency, and each compo-j tioni three th-e mocoupies were, inserted in the nent frequency).
iVLsooelatil material durijg ii the tos to monitor
the temperature variations. The characterts- 3. Force vs acceleration (combined double
tics at the teat setup are detailed in Table 1. frequency. and each component of frequency)I.

To insure that the motion of the teet setup Trhe acceleration axis (9 the force vs accelera-
was Uthaio a single-degree -of -freedom system (ion plot for the single-frequency excitaition
in the freqPuency rang~e of. interesl (10(1 0 to101.0 could thent be_ scealg to force va displacement
Hiz), ihe resonant frequency of the cantilover (hyster~esis loop) by dividtng acceleration by *

motion of the test trfikme was determined (f. The vibra-tion ampliflor ietern wore, also read
2000 i-i) anid ver-tled experiinent~lly. for the individual component (requencies to

poie I scaip toP hw nC 1915

The tuasic circuitry network kited for ecld-
tatton. ampttficatlen, and recording Is sche mati-
calmly represametd Inri Fg. 3. This iiletwork codi- EXPERIMENTAL RESULT5
stated emseetlally of a squAre wavc generator 3hQ FremuencyI for #teltl excitation followed by two hiznd pais sng
tilters for eeleetlng the two frejutenry C orMp- The frequen~cy rani7: of interest for thie test
nenta P,-r the douhjie- frcueqnrny tearis arto an prt-Oram was tetween. 100 nDju 1000 liz, within

TABLE I
Chi racterisfeals of. the Test System

[Component {---- Dfitionsiofis (in) ~ weight tg)

Framolee pi ects) I -1/2 x 1-1 /2 x 1 /4 In.
Frameft e) 29 0 2 /4 _ 107.7

SUspended (aasS A X L X j 1In. 44.4

Acerometer j3i8 in. liexmgonal c 1/2 in. hinli .

I t ____ ___ -- - ___ _ __ ________7_
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Pig I- Sign~al grnerating and rer-rdsAg network

whicli ranse the tttfLxtiire acted as a single- block range of 0 to 3 g. AlA testa were can-
degree-of -freedom system. Tests were tni- ducted within thin range-F tinily conductedt to deterritne linearity of re-
sponse of the damoping rn1tertwl . The t"msuts of Te~sts were- aido cond ucted to detcrmina

F tese tests, as given by the ratio of normalized the temperature zincA of the Yiscoelautie rnque-
acceleration vs the acceleration of the mass rtal during sustained vibration. Three tht-rmo-
bLock for several frequencies. are shown In couples were Inserted Into the damping material
Fig. 4- Reference to Fig. 4 Indicriten that the (one .It he mass b-lock face. one at the frame
ilamping mater ia Is approximately linear face, and one Ln the middle of the damnping rna-

Ae' percent) within an acceleratio tofa the mnaes terial) to provide teMpeOrA1ier m-ooltot'ing A

60 ii, ar.ýJ

0 t -¶
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se~taltid inpu tCCe*inttlo cA 10 A 3or i-A data- The energy -lost has beoon normniltcd by
pirmid produced x temperainr Incromse Vt I"& dividing the energy too& by -he #quae of dto-

Mbi I'"r. T-omp-rrstur mWthtsrQ tA- the placemetit 10 ffIAMk U%6 f~akf'Ž L'ldqfpedunt okf
d~spl*irafAWM4FA WA Atka oorub-cted "In~a acceleration. Vallues el r and r G' ve by
toots. Al Itemts wore condueted Ff a i toperak- ". (3) art, ehow-n in Fig ';For comparlAon
twoe of 707f (WiF). purposes. thes* valuas -ze compare'5 with the

mloduli values previows k reported I Henderson
AA IAh&ted pfMUl~iiy, &gwng effect* are jej. At! iuduli timiut wonr rvt,ýrrenced to 76F
OeV#0 iOT the dampw mnten ajcied. usi;ng a Procedure dea~i±bed byHedrCh

W~iu t . The dfiternnnn- In gt'IOS

eav4kontertag or a aafees r nw! , jan tf betweenh, Wet C a"C1
dampL#4 mntqi'it art to Lrraethe vauso obeFrequency

mate riaWl praL-ezty 1sramemtes ~.And il amd
to Wrraeo. thA relofitant frequency. The Jam. 6 II thte k, h-, andf # values as R gunction~ of

staie-reqenc &te t& da ita wertken the same frquency deM C 4 I t e qste n Cr Y
dwy a-& the doublstirqumnoy test data, and con- tes~ts are comb~nd with Eq. (23) for aellecled

equen~tly these-k, h, and 4' values wore used in combimattans of frequency. thn- a pr-cdtcton of
pthe prlctto of the reuporwSe of the system the respunse of the dampe-d ergedge-

freedom systeLJ1 wider double-f re@qUney eXCjta-
l~erdoubr~1eqlfn~yt~lttII~l. on COUld be made'4. The lest program" used (orr

A plot cd the energy Io" vs frequency is temuperi LgPredictud and melafiured respo;'ae it,
showu to Fig. G as developedW Mion Mhe Jan. 0 gliven in Ta-ble 2.

* 4 at

4& 3*p;
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_L1 L-F -7 ORM k-mtkicoipmc sious nuret ac aC
£xprtrineatat Compatrtoon P'rograms. h sizl e fas 01 the eta'al~ WWj

1 doble~rcquncyforce-kfloelenattM dl&a-
Frequencyte or C a hy theoret Ical and-

I meaSured st~a-Addo'blio-frequ~iuxy oy c
aiccvleratlon io m o h freqiisnq rombi.

1of horetteal im nd viJi~k4IIi*k~f~ for,10
too0 300 f .6 06 I o140 ! 0 wa aicl 300-1i1 tost coodilion Thew tuacaunld

- 9j ,3 fotct-accclcratton ulbrrawns Wnvolvin 1w the fo-
4TJ . 10 0 112tr ii)ung " 0ii~ RM ~eet cý* nfu t W imttaob

2- !OU Thr 24117 6 Lhe, torv?-a-icceiultur1in compMrt-
-r'25 I s-l~~~t] I* i tii fu greoreilcal, andi measurednpos

1i150 x 760790 k 1425 j weire ngj a~s favorable 1B the acecvlaenhu-nimwe
I~ a i:153 j , at 2 47 owirs LIIB~couni~neg thE 7.50 ecýnhat

4 v.26 IL- 177 ! whichi ILNae: only a Iunhted bolMtletorvo~ixwpfrl.

1.9 i 3 34 1 t- - 4dtt, d g-unm for 100 and 200 11L tst exceptionally

I I~ - 3s; a 17- good.

It Oouild be ficlud tbAi thIII c-ccieato
CoropartAonis of thei theoreMikal response. diagritni for uw double frequenry tests are not

using superpositton and the neasured response ener~r loseo diagrams With a single -frequency
of tho svegernv tw B duble-frequ-micy mnpu'. are uiput, where the peak displacement is directly
shown in Figs. 10. It, 12. ano 13. The at-col. proportIonal to the paj~k tceeiintton. the fttetcy
oration of the mAmit block for one lull cycle of lose can hr obtained fromi a facree--acoleratton
the lower froqubrity ts shown. Reoference to diagram by use0 Of a eOsWtLRt scaling factor (.?)
Figs. 10 through 13 Indicate* that the measured an the acelerattion axis. With niultifrsquenc-y
reoponse is very near the predicted response Input this Lb nio lon~ger povusible. The components
In both pe ak accelerations twl0 pc-rcent) and In of the dlspLacezueni derived train(lie bAsic ire-
wuvaeig rio ciut'nelos are proportional to the compo~nent

li ndYu 1
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Pi. . rIT.*rptic- ým rI )'?.lWff.J1

04kTU
VIv AMELIA

Vl5ý1z xbtoklta Y*ik-ur rZSotiAO .nd ?SO Ilit

A(L~c~iprattOoIR. AMth~le fira~u~ltat, didAs".11fw~tl -V*i~p) froml 2 wIkr.lnfy werc,

c an rso kon.r be derived ftroir Lhm resultant ac- shown to be both tconvoniotanictd -*atielctoary.

with acceecrett-ou. ]a thv aviumpItionut "ks rial pl:Operly par Iieteve with sufficivolt LIccu-

¶.ha ibk- vicakw ijc-tgr is Identical f~r predicieui r ay ovily for %he 100- ito N04- &i rame &Uhle
AM oaa-used fo-qeriiCiidIiiij6 to c.tirt'; by Rie cnfiP~ of ilie bloc~ tuiid

reo4it co lio M¶10 *sfterty 1kt ~ve- the Itprkitiffem 01I~vuo th-ý daper whieh deter-
pa ta0in5. mficaLt~ the reoetu~int frcqu-ecyd. Lhie raivue can

irisily be vxteiided by usae of[ a N-irtable ma~aet

COMIC 11U!ION3
,he rz!?ulu ol h( theciOrelical andi prediclod

T1he cejer~m efitz1 tietuniqtue axid aesacimted recp~im~e compairLaeon of UatŽ damnp,-d abrigle-
- qaailo(is dYveo~e for dewi nawilag th* niate- eiiree c4 fre~,kiii ayater' wider &-btle-freqi~cy

Flot v-t.l-upety 'n1rw~eiti k. h, skmd * (01r G% -irltetton wvre cenI1svent. trnaed on thr ovI-r of
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vNIIjCMAIn W-3 tbiijd pr~inartly on fu!~ ,oaulla rho authore tktall to '.iApieas ilwr appjre-
of actelerattort va time compartiwis &bltuugh citation to Dr D I G Jonita andi Mr ,1 P
the forC6 va ACCOloatiuar dtagrams worfevi~i- Handereww of the Air For"e bft~erlLiz Labora-
zigoat with thL, exceptiw ul the 760-tr, Ire- tory for their "fIpiul aunooattonlt. to W~ Ahild
qiloncy cumilonent tooit o~a r wh~ith recarding Niashit al OP~ Univ of Owy~an for his gmiicairt"
41MIleURIta Wert, tPrmauintert'd in avlerltiafl mid usv of usaruawealiatioi Itecb-

rnuquas. to hMr j At Schmirmund of me# Air
The ufaeftb Of ftg~ig 00 iLie awatarkis prop- Forn-t bbera Ua r fo provuthtUj

erty Imtrftmeleve of the da npitvS m terlztl. which eqtiin amu of t, tflsirurtentation, anld to
shifte~d tho roeviva frequency approximmneIu Mr 1) J Sopp. repreaentbnW the 3M Co for
imnporanat (Actor thAat ahouild nu *eriooimed tn

apirmttng dampling matcurtain .g: itunatk

2 N 0- Myhleatd. 1'Concrilt NComplex~ 5 1 ALICy, .tr ,mochanKbic NL akjft ~of
Dumping.- J Appi Moch pp. 284-86 Mijpt i'Irymr(it encPtf c
105) VA-~urk) ~

6 J P It~erderaon. "Energym Olsintamp oi n A

J~~rc~ ~npn, TtO Apro~kuticaI S~~ualymm A. F. N~t Iab- Tech- Ilivi:
-unrtrriy. pip 00O- 70 ~h V~ '
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D=•USSION

Mk. Me4Coanelk (Iowa Stair Univ._,'- Did you arty time p~orlod during which, this• damping MA-
r-un any other tests---to compare t~hez;e propertli0s toral| had been used. But they did compaser
or• were these test# alt run with the samfu setup? fairly well to other Independently run test

results.
bf., Kratt: Uvin• other types c4 techniques ?

Mr. McCoaneWt What wa•s the ratio of the
Mr crpei-Ys masutht- ws hikin to the mess of the visco-

elastic material?

Hr. Kvt.rJ• on this partleukar dampi• ma•- Mr. Kra•ft: The ra•tio was large. I can not
tteril -W -r"n . However, other pe-ople have recallý F gre. but I would guyss It is between

mater ial mu o ur res u•lts co tnp ýAed lia riy w ell. of{ the d am p irng m ater ial. Tht8 w-as a 4ninll test
particularly whon you consider the effects of figure. We have a larger one also, with the
aging %which we:re Indiczted h-, the one figure. ai!l t.+ |kbt noi 'ihw ~×
The da~ta io which we compared It did nc, t give winl extend the range of capability a Wilde bit,

/ 8t

// - ~.7 _

+~ *~ //
~7 g' /



1HE CkfflCMt DAMPING CALCULATOR AND A

COMPARISON OF SELECTED STRUCTURALI
DAMPING EVAtWAIION SYMTMS

11- E. Douglas
Annap~its Di)~toon Haval Shoo, Rteaer~h

and Dcyelopmen., Csal'erb
Ann~polis. la ryla-nd

combimationofI transparent ov..elsyv for mechanical Impedarftc- ori ma.
bitily graphs) andi co~npare.# it winth other selected damping -e-atuation
eyettme. Aimethods daseviieed &r der2-ad frrn j -- degrec.uf_Lfreedorn syttIrt. The realtrktions Ithat are txplortd caa be Ctaa6*iioad

freedlom esytiems.

MNRODUC-?101 degree-of -freedom syttetm (that is. ýR I cx.
Yt f=r 1-1~) and, thus, ale SubjeCt W~ the same

Deskmgnug an efIectlt'e damping treatment b2BIc limitations. However, each ol Ote meth-
ts basica.11y a two-part problem. The first ode has additional restrictions whitch can be
phase Ii to, select a struictural cordiguratln broadly classed as (a) Insrurmbenixttion amd (b)

*that yields high composite loss factor&. This application of toediods describ-ed to foultiple=
s election io based on al extamnllation Of the degree-oi -freedom systems-

foodea of vibration that the structure can as-
sume in the. froqkiercy rangv oW interest. Dite
seconid pbase is to LInM the damping material METH!ODS DESCRIIED '
best sui~ted to the selected structural oonsigu- '
ration. The damping performance of a vieco- Free-Decay Measuremen~ts

matcri.~ canib kiC eiermopietl irz 2

kno-wledge of 4w. 'AD its dynamnic mnoduli (usually The free-decAy clethod takes qdv-zntegt of
the complex sheAr Modulus and tbe complex the decay with tirne oat vibrati~xial energy it the
Young's modulue). Evaluating t~t"eoc dynamic resotrnt irequenctee of a test struicture. L'i

*mroduli ib. however, a duflcui xrlt 4q entat thiS miettod the accateral.Lort signal iff maxi-
prokern. One widely used ipproach Is the fultrd with reapect to the iitpit force signal,
renonlance method which requires the accurate thur. deterntiititn tht resonru~~ ee. The

*deterrminaaooo ot dan-initg coe.fficients force genertmor le then cut oil, and the reoult-
Thus, to adequately study both phases of this Ing free-damp~ed vibration to rlecorded. v-4uAglly
design problem, it Is importan~t to establish by photograph, on art oscilloscope capable oi
an acceptAable measuring technique that is etorage. The lose factor, -,. is then oktained
reliable over a hro2d rs~gke of (ittnptng va- graphically fromt the phtogcfraph by taking tile

ties. Toward that end, thity paper will examine ratio of iii'. initla! IM~pltUde. A,, to the AMPti-
and compare scverAi popular damuping -eva luat ton lode. A,..n cycle-4 later-

are de.rived fromrtthe constderation of 2singie.a,,- A,1

'Thr opinion!! or ,sia Crltune made in trus paper are those of the kAuttwrwe and are not to bý' eonjtrut-d
*,b Official I r -ftlrci.nc ýi e, O/t.e I) parit£;w.t v'1 thte o.. r the naý ai oervice att large



1* w a I e thematic ot '-he tnhtrunerlitaiOn Dampinc iProerMles froi Mf.vhMInka
usied in tl# mnetho. The a1"-o^favtý tian fl~ter linpedAnce vid Assu',tii~id PMkI5!-

iw ýwptd W~ climhikte th-a elftect of othev m~odes Anqie Data
o4 bras Ionn. A wmrrombultndi-Bier IA impractteal

btesaua the deca&y d~ the fl1ter~ wow1d ma! k 4% Biciausi mech.2nIcal impedknCe (or mot4U-
tt test rtui-to from the Otructurt. With the ity) iand the "s*OCIA~ed pbaae-aui.e information
lhali-oo"ave baad 111ter. aitabLe data art itmited a~re widely usedi vibration-ianyelAys to-eta, tht
to( QC, < .6 The relay JA tht *Vwktch dib- advantage of obtaining daiupbig coeficiouit.
connects when the forVce In troomenftexly zero from (IA* !nformatlon to to CMoftIdiktot hatru-
ami be"p Ueuire repealable resulla, a* w par- manator =d mayower. The Uiree baaic

Wkdl C~~Ltte Strte aIL V&Vc WI 14 ,-* 4VI-I t to va!ýto~. nt tm ~ dg~eo-re
Lt"M tetit-M. Laveem will buy dixcm-ned hqre. T~wo vrariations

Mtea4*j~ 4tnMPU4 trom mechanical Impedanice
r s~lon (1) to An nhe totdtrm o4 t~he or mnobility information andi one from phsat-~

*ziela i ec--tr. giver. by Rq. (2): angle bifrmatio-. In -all cesie,. It to isvmnme
Oaf the rasonAni machanicai ctrcuft canIjR l

C - reprzzzntcd fichematically -,s a parrilol nei-
i ~ (2 work tPtg. 2) and that the pit± fllesoflA tnch&n-

I. A~C~ 2 i .z-Culit Can.tC be rprecniefld by a deriell
(l~~r Fir. 31.

(i,~q 1) is generaLly used becuec of the
Lulrumentation limitation. discussed aleove.

MAMW, Xve PU AOP LAn.1Y

II

Fi.II~rmetto o ~nm ~l~tu yfe ea



(ONh' 6-1b fcalr), Wbore I~- itrOURLOWi& (tlqvVcy-
At IZI -1212ie. The 4d 4D~.Iefri* uut akuI

by arbitrarhl7 a4t14"11 the trefoonw Ir"~y
than he aiJed to 10Uw thesm o Z tMPtI~dW#q

gWpht be u-ned. AUt arrow oa tht- e~rerya U
PkAe4 direictly over Lhi TRIlU of m"cnli ft

~q. Z.Rcs~impedance at reecxdiwce &M the damplMiziWet
r,&Ad fromb they 19vtu1 #We thai wjll gtv* readf-

P able For"O

~ ~. MeW U fith systi.Sn. For iftaile. the bisru.
r"Ll merict2ion wil -again p~iad- a i(aw~r Awmit-om the

csr~uitmeasuring range w-hicb !A govyerwtd by Its dy-
2 aar~-~- nfiic r'auge (a* highit 120 d to iD omity.

tezme). Tbia 1k-2aduer--P- qzed in &OjI-Wtion

with thlAiv yuatetu mus!e b,- v-ma enough ivot-to.
a.Wpiy outsid jtcwn~triaka to the .trv~ciu'e uider-

R~esoant Bil~dwWdU- Tririspareney The upper MltfD to gQvOerkeA by tht type Od

iWptI4 evihuHO~n by this im1eWi involves offodmsom. th -in~r-ncoiIpiqSerkt
2 callbrrated, Irw ps~rnt overlay (yZ1g 4) LQt E*A*JAO4 gitor rtsninii bandwidth meaaoitt-1 mechankcal lmpedanC4 or MOWRliY graph@. This meWti become aome~what qttaatlonblet as the
ovehlay to oonsIriicted ftom Uth Impedance wi#- damoping tmr-etue. This method retebJ aa
nilwle, of tho panallel Pnetwork ptettured tn Ftg. 2: upper bounid atoo dep-4rent oa the ~ruenc-y

,dnoity of 4djacent-1esonahces; For ex~mpk.,

-z W4 .() nance to be measursed, the curve ahap s o
likely to be symmetrIctl about tWa raaaaance
("s to the ceof~ a &Lngle-degree-of-fra*d&in

On(,- the deieered impedan~ce acalo factor Is sy~tetn plotted on a WKg f requency scale.) In
chonenf. the damping scale can then toe entcu- ih~t cute, measurement# shotild be made in
fatedt from Eq. (3). for exaraple, 6 jb 4Move favor the Gide awsy from the close$( Wni-
the resonxico the machanical impedane e i retonance.
twice Ovo valuff than at reewnafco. Thus, Eq.
(3) can be rewrittien Reot~n" A=pIttude rnie y

0.29 IA FGI (4) 11w aresonant toplttde tianxRiarcy (fig.
- ~~~5) 'noare LIxO5 mspifl from the ifnpobdaflce

~ ----- ,20-ft

4T.)
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Fit .tks n- tt;-m-'tt -

m~itde.ot-he rhouicereltiveto ts nte-: tefeunc-*syofrs mcs n nt
ao~ng SprW VA 4mr, 1104. 117111 overlay e - r.-.si ig n h apigI osc

tewls~ ~ ~ ~ th s- ii ite eoatbnwdh a I h hl oi. r til iutrs

tTMMVOT VA t intoaedi" tocmtmn t Wel supinhstbemdtoa tpr -Itca b cmple tomth mitor (r e- elyinths as bcasoth iteariijitwn
c1=1W ~ ~ ~ E.Ulff Impmdanc atR reoac.adiatI tma emse u.Tesrn

ori~iiA wnawct lieL, Oloae rmtk rlcto
C~ ~ ~~~I ponF teateahcntrsnnei ni

re+-i-ce U hI!Ic npin ndfiutt
detrmn- ih Cigln a easmdtby~~~~~~~~~~~~~~~-1 abtaiycoonanitrcigein liehlwy(naogIce bLe teAjet

am ao 4 rd 't~tnaac th reul t (I t . mnirw",t -i*h hw.
ampaane rap toD#k.14.0 (U5 .OG M~iot It '"W lk 1V61 truitri- C--1

qunfyeuber &*TSU tiatorSriinAg~ n~
mus- ~ ~ ~ ~ pon betee the-Thoe~ L ~edo

treqenc coicids w"thevertcaidampng desoaterm ant the spring linue an bhie l asuedt
eoide The o oerlyni thn adjutedauporspoing liue hallw ey difficulty in locabtieng the Indjaceint

Th qeat resnean litl with smal cinege or freuecy ort
lin o te vela. ndth dgre fodrmztn sae ypo

Teresounant amplitude overlay Is pre- phasie-angie curve as8 the s3yotem) p~ansrs
fered o heresnonant tnndwith-h overlay whean through rcsonance.
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C 1tOllon C-0iup flag H6 own lirnitationii wid multi-
(~e-o-lr~elornWotrucnr6 are ul~uxlly t"-.

(051 iteMS.
where t. resoaant frequency jttz) and
phaso-angle ineitiured in dogr~ooa Note* Eq. Of the aystaws dtsectwesed thfC cr 1U0nifit
(8) is d-erived friont a differYrti~tatlun of - of caxlibrattcd ovreslaya (Ow enl-Called daMpIJ4
canlt cleulintot) for impcdani Irapb hl 1 ' eents to b*

the most -reroatile. The stataolo-"h-Aft i n
Unlike the two monsurtng ilyatems trivoviog worhanteal imnpedalnce. Effeaaurremve-ra 114r

Irnpedance or moW!lit mfearsui t(el cts, thiSp ;ye- pJrit:uasd to a intai;- where the nt~~
tern r~of~tfll Livep ex"Vr~Imc-naorz f~aCAULr ine tiou presente only M1110O1 IlmitiatloeC ceu~l-rCa
phas# angle at dincreta tre-lw~ne~ff-, ralho. thani with lrzo docay and phase nie~rta-t--if-
using the graphs that Are esstly Aobtantnd by the Above all, the experienoter can dntarmOI'i
nowier automatic Oind -1~o n yaenies. (frotsog tt n&atno h rehiIa ueh
This pr-oe(ýfure Its lmd 'to 56urc oumx~iauro aicev or trobilitt of the to-t st-ructure) ho a
aecur-acy Osý-Ur tOe full roange of this Ryotool. partileut~r roitonnnc cgp tke 4pproximtivale by a
The 04-o* is asurned to L,- - straAig I line and isledoLItedr systtem. For thts
is meot-red aF CIOae to ihQ F ONInanr 26 146- reasson th-e iupfpe limit 0( the dampng~a calco-
-31ble. This meoeuring aw-ten at im a lower tatolif Is ure"Wiht 14hij~he fihn ir the c'tr aya,Slimit, Around C---C, - 0I.00" Whtct; hIV govertied toinb discussed.
by the Instrumentation. Iuid an upper limit whien
to governod bry the type2 of structure WeNg weas-Iured. !n tbhe Cazsc of tho fiexural bt-nding modes REFERENCE~
in beams. this limit is about C-CC- - 0,.12.

I.A. J, Roscoe. R. V. Tliorna2 ACnd W.
Otmaingarne, -Moasureinerit a( Comrplex

CONCLUS~VIONS Shiear hioduus of Visceoliastic Materials by
R~emhical tmpodaace Methods.. 36th ftioe

It would b~e beat to give a rtgtId range of antd Vibration Bali., 1½*rk 7ý Arm. t966
*accur a " for aftch of the metweod revtot-sti

dtmcusised. This would, however, reault In an1
*oversimpli~fication that Could wisleaid the ex- DtDLIOGRAPtIY

periienefer. The outside limits of each meas-
uring systemn could Lbe cstablishod on tlip basin 0 is hop, RI. E. D. and D.. (Xjohraon. Th# Nechian-
of litsirument~titon and affplicitIon of each Ica at Vibration (Cambridge lnivt. Press),
miethod to a strigle-degree-ol-frectidmon yatemi 1900

Sir. Jones (Air Force Maiertals L-vz.: simply ntaking a column. applying n oiu'uue. and
you ~~~~~~o~ecriir~ li- using xransfer !modc uOs casurazn-mme to

*Cultes In n auring mthe dampinig propea-ie6; determitne the ntirditil. Y"u have the many ex-
namiely- the elastic irnodutt. eiviher Yauig'& perinmental difficulties In okpplylnp your tratno-

*modulus or the alkear -modulus anu lthe lohs asc- ducer to such a small iyatcmn. Umrunly. ,
ta fvi!aýoe-lstiu m'terillN I would query WhAt found that it Is best to tbuild a lu-rge test Item

grounds y~outave for making Ib1o statemeUnt? ouch as a bearn arid inve~rt soni 04. the aqofs-
tiomis, Ray of Dr, Di-raranto in visco-elfstik

ir. - ouglas; If yoti iust use the -naterial beams. asjW study that large beam becauLO of
I tself yOu have a iItiAileon PI&CA'X on it by thre the smtnte~r citet the traubducecrf would induce
range of Uhe Enodulk. in oiter words. by just into the test struclure Rieet(.
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FORCED- -1PO tO

__________________ TER $YSTEM WITH__ 4

APPOATIONS T MISU DYAMIC

ChryierCurpratvn Sscenirt-Fc
Thi rpov petet.a paeal nvhswfo c.)nj,,jz_ e4Ia-ibration~~~~~ ~ ~ ~ ~ ~ Arboi ra~ta 'h I1r"vtuls

INTRODAPPLIATION ThOd inSL DYNrAMICS o'L~ ordII h

ChylrCr~atvcm MaCBt folhv i'W CnolmeizonV t*
N~role Oreas Louisiana.

veils Tins reportlundr ptitcni degrenae- nrfdM oiLQcralfol* o

of-fred paraste c arr. w ith t d~prirg o- rclonseen wi ip and arbtayF uhap cial imehdfr- ovn h
foreM funtionaTh foinit elaci n *on apre oac. de rrO -Real o w co prol emI saenal esolod

prah.ifl o bles iarefvd discuneds pandc ntical oligfrcd epuu r
[tutuc urznl ctip anied- Man y detaillsii oma ot odcupet4 qjt

nes; o mier oftecio".thuntKIrd.an Itrtiv account for solvping t
ar te nOOJCU Z" Umatorix method prsentamployed.tfei deus4 dti ada

n~aiotnrobv. l-wils ktoasioluied vkltai spcorhnch-pr tho solving to pln lgwnvrirdbuepc)I

preach. La felt mn beu f ustled beceivi paticalacl ass ical noraljj odesto~~ d rcuupe theeq'-
structure avted rtrl ACO~nt iuou Many~lr~ dikk- onofmtnTruucpadutonae

contnui~ese'th asabrpt Ctef~ee n (tic then modid to ccvounth fotri d quaponng o
noesr~oto orr mawla andnumros cnnctin

ar te norm Theamntrw method Im s emloyged.Fnly h ehdt lutq yapl
noldo otii t aze tion anid dig -tnicori-g.n 1x-~uir~~yn;n

of not ulise tiae dr thee toage n sof the~ eqrua-uttnso

tI ofr into rnalrt f xormat.- Secoad. there toto'1 e I
adw crusrton of thu complex a igeayalue problemu nnlpain, of~

for the' comtplex etgcnt-tctors.- It is Nshown that £ponu
the rent olgnthialue problem ior undawped eye-
lemne It a degenorateA caIde o4 the comiPlex By&- Gener-alized cc-ordinate

tern and is morn esia;ly solved
ýDv Atfnit, c-trinscn. At is. implird that t~c di.-

lrlbutid '- .ken -A. L'x brrr' ry'sl., ±BrC (ci.tý , niae i-iay rt0 o pe

a, ,eriesz uf ffJ.e cnrid by. EssJ..li'sy

*PtLSS Mnus coelllcicnt;- also Iodwing owent



irralu THE________________ LA'LJV

maItit formie byen u lumpin thNJdisLributedQUA'rlOat

Cirtati cordin-to d~c-rIn thpolts owing ticuelolitw by ms aa s.r~tE

diferntiealo byalumping wthecnta distribu etedm sst
d0crt jI~ints. cocnOrte by -uansusprgs

A ,Wgf Croao ueciona arUN nicaAitia wiithtm@ Thi pqrxeeofre~r~n Rdi on~l t rinary

tipixtentioca by Prowtr 0 dtor, don Cain be dettaitti by A set- IN j~~tiedut'it UTI'3

eralixed coordrnawes, x Laugrw,%.s v-;vkk
uxlfr-;rzoaI tOlce are derived In Rek! i1/U? h conicaip ol !r

twa diaphacowomua. and d'Aie-binbVer jOrkInCleW
Gronra~lxnd forrce; also sthear sidfut Rflerence (21 prevenwa a derin~t on froma a

mtore goverwn!Coienneop kntow" A R IRh inihio.s
IAlre. muoue-nt o! Lnorrta principle

L. ength 0! beam en cn 4, ni LAgrangeo equAl ions fur a finite (bgrGS-

ol-(reedom system are:
1 tunleuc soatty functiton

d -T
"Ik) in! twvttMc r-tnric~m deihvwd 'is text *ifik 41)

t 14 kestilymatrixthe LAgrang eqnltone there is no require ment
that tne rorce field be consnurvaux~vu Thu rep-

tr~to fortes mary thr-r ""tait of (a) tht
forc-s reO~ngfromcha-nge int potential

!W~ bs. aimenergy. (b,) the damping or *nnrgy dissijxaiton
forces in ak aonconssrvallve system, and (C) the

WV HM etri 7v ormat, mode vetvre' force* wxtrnally aipplied to the system-

RImod,' siffi as marixjj If we choose a sot at geaeralized craordl-
entilf auch tint aiU Xter ill Uth datuma Con-

~Is Omnaralisod coordinattD vacto I tgtrationn assume small osetlattons about
the datum. and neglect all terms high-,r th~n

%1 Cnmplox wcnvoctor ocnx rier we can express the kinetic wad

heqal part a4 comdplex eigionvectivrfomn

F - t~~migignary Pa" Kt complex ngtco "z::~e :wmt.xt~ranzpsxm

Circular frquency k

bvverec of cirfuidi (Icqurecy I

Critcxi4~nptngs-ato&i Indi1cate by Rat. jIJ P'lylektW4 d10intiyii;,i
(ucin ny also in b.oxprm'nsrd in quadrntlr

Ae>Ovv qu~intity ta- he udiv~rrrttawdj



)2D and

Combining the dissipation forces with the (10)
forces resulting from changes in potential or
energy, the generalized forces, 0

k. may be d { = .
expressed as dtl"

"BD aU For a Cartesian coordinate system,
Gk a1-k oordink (5) ate

0.

where Fk denotes the applied external force
corresponding to 9k'- Substituting Eq. (5) into Comboning: we obtain the matix equations ot
Eq. (1), Lagrange's equations can be written as motion:

[M] {) + cc J{i) + } K I) (F). (11)
d [rr• •T D •J

d- - -2 -- a - Fk. (6) As an example, the equations developed
dt (T k 7Z 5 gk above will be appled to the three-mass

The Lagrange equations lead immediately lem o Fig. 1. From Eq. (2) the kintic
to a we ~ enerOgy ofthe apylied Inobto a convenient matrix formulation. For ex-

ample, considering the potential energy func- . 1
tion, U, we hv ½ m: ½ (.,,Ui.,

7k 2. jf6

C N
'• (7)

orf -K (K7) Fig. 1. Spring mass systemn

where" M
Cd 'K,

;32U ~ (8) M 1

Note that in the above oxpression a, j : 0, for
Similarly, i f j, because we have assumed xi measured

from the center of gravity of each mass.

(ii,) be The potential energy is found by Eq. (3) to
;•D a•D gi gj)~

S,,

or (9) L k.jLj.tj 2 (kltXI + hkII3Xtx2

: } A 13 XtIX 3 + k2 2 x32 * 2k 23 x"2 x 3 * kj 3 x 3 )
1 1l
S( ( , Y • x 2 - k x x , 2- IX . (k , + k , 2•

* SWe have used the theorem of complirnentary 2 1 2 2  2 3 ) X2

strain energy: - k 2x x 3  + j (ki + k 4 ) X33
au 2)

Similarly applying Eq. (4), the dissipation
therefore energy is

( z~ ~ kj ki D 4(cI + C2 j 1 - C''

where ks) is the force at i resulting from a + I ) i2 - * +(
unit deflection at j (CS + ( C) .33
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Byprmfagthe required (tfret)to of' P.17 i 0' (14)
Ibo boveen~n k epxesatorw tma ArranugkTW W

tin wmnalflatirmaliA &4 . (0), -we obumtain fthqU n~- i" .c KJu_ 1 (5
ions ok mu~iCi, for the sYstmpkC I) i, ( (5

~ o T~ 1:,)Fc . .~ ~ 1 ~Multiplying q.(14) by

1: W, 0 i 2 (CS, CalIt -,. ýXKu 0 (8

Yt 1 1  Cýj~ and Fja. (!Mbv

~~ 0 j ~~ix1  Uju 1 tP

k2~ k, )j.~4-oj. frnss Eq. (N?),

L 0(k, kJ [0j to 1('M-pI! i,0 (

4--e t.hat al.' thet .o7ksMItrices IN!, 1C! and subtracting Eq._ (W) lroýmf F*4 IS±9e). e
and [ii are s-ymm et-ric, that Is. JR; zC ¾ T and ta

(v.>~~ p1 )uŽI)u (. p- p, ) (u.'II~ 6  0.

TSB COMPLEX EIOEKV4ALIJE By dividing out the common factor. (P, - P)
PROBLEM we obtain

It his been shown ttat the equations of
motim tofor awmuit-degnte-tt-1reedom system (P. -P') 'U.1tlI (u,;¶CJ'u,? 0, £1a

-with light tor sawll) bamplngeca be expressed (9
in rMtrix form &a

Alto if we add Eq. (16) and Eq. (18)
*Wi !Ci4W + [KIM,) =IF) - (12)

Inthi~ssectloowc taW bwvestliate the free- {~p5uIIS(, pp(~I~u

vibration case whore WF)T 4o). 2iJj; 0 (20)

Consiler Lag only the homogeneous pWt of

tq. (12), we assume r. solution of the complex which can be rewritten asI

?j3gP 'u,) oY2

4~) pd sWMuliplying E~q. (19) by sp5 ~and subtract -
trig f rom 'Aq (2 1), wce t~aln

Subettutwin nto Eq4 (12), The complex eI;genvccdore. ealisfy the orUhoqwo-
nality rItoegivent by Foqs. (19)ý and (22).

(P'2.VI PlC1 - IC y!A iol (13)
11 (Uj adp, az-e solutions to Eq. (13),

Ulhuf Uhe compiex- conjugate'5 Az. araG P, J'c
Eqtnto (1) i a oe~ie ei~cnati j~JV- eialso antuiona. T1herefore

Lerin. wbere- 4) ts the Complex elqenwector aMv
p Ia !he complex eigeftv-t'e- By eonside-rinj i?. iWJ~ C*-•; (
Say w sltýn p we w.11 flow estab,
IDsh ortkiogvoaxllty relatioua that the elgenvecc- Vie will tLak P, to b-c of the same form as

tore i*u, an l ta ut satisfy, the uoual slngie -degree-ofI-freedom solution:



Then the complca conjugate it ,t ,0 t

-&ib'st-tt~t(25)Eq#. (33) and (381 Into £4. (J&)

Also we can express the complex eigen- ~ ~ 2hu't 0 -ly(,TC(,

vectors In the form of real and tmaginary parts
as Ti P110 0. (37)

Frum lgj. (a4) we Qe w
* Then the conjugat- eMgerivector Ls

Therefore Eq- (37) ylc~ds

MuhIplyin~g Eq. (14) by IZ: T

* An rautlping q. (3) y 'us~,or rewriting,

Transosin Eq 28),Turning our attention to the, undamped tysF-A
TranposWE4. 28),tern, we see that it .,1 z 0cIn E. (13), the com-

plex elgenvalue problemi reduces to the real
!e"pw tl5 0 (s etgonvalue probleca with p, -jwý and u1 :tz vl 4

Eoquatloa (15 becomes
Mvtract lug etq. (29) from Eq. (30),

'~r
2  ~ JC)TtiC ~- PC R ~0 i~Cy a. 31) The or-thogonality retattois given by Eqs. (19) i

Dvidin~g out the common term p.- and (22) reduce to

Proma Eqs. (24) and (25). Crhv undnnped natural fre'ouencYe ran be db-
unifrom 7Eq. (Y)

( 33)

- u.()1 (C,{ii u, I!i;,) t
- (34) 71w ei0genvector i%, is r•ýferreed to as the

Ajnak e mde vector" car Crmod~e shape vector,"
Also if we add Eqs. (29) and (20), because its uth element is the relative dlfpgaee-

meati of the Ith mass of a system vlbratiag Ut
''*~i 'C (p~ ~~T~ 0

C Us rib toode.

* 24, .~fj~~O ~') ITERATIVE fsOLUTION -FOR

From Eqs. (24) and (25\temaroe£ 14 et1, sLvren
<1 *. -- 1An Iterative method tar ob4.atntng nuinettaflC

*, , h¼~ CC- - C2 obatloa to the real elgetivalue pFobkeynWds-

aLpproximeate Complex etgen.VA4caw oiitm'p for
danmped iay'stets wil be suggested.



EqtiAlion (W) couid be written in either one - Af~y~a- (50)1
of Ofbe Ioiiowrng, forms:

EquAtion (50) can tie yritten 2.s
uMi v, *,x(42)

whtr 'v'Ž -IA)vai(52)

Slioibimrly it -;culd be shown that

deo'e theeg$ues rlot A, In do-53Xt~S irelnCy, WhIte R4q (CA) ton-
* ~ t~ngordo isr ji4 h5 v,)', !.v9 -1 voergv to Ith, ktghev. nazteal frequency.

fvflenotuiieszowb FUateno*(, Wt QToilnherai pr bsv kvtiem shown in

(v i suc 2ba Py jf,- :-s a a'

(v4

120 -2 1 GO7 D 092$

('St) il

whithcby Eq. P4,14) cap iye wafikan ar C, v:~ 05 05. 1

- -h ( 4 e ),? tnjgt

fRepating m inaw obtutn ~i

1
4

0'.
0  

75 50 0 5C V

05 0 5 S

2V a- .1 i r



4. 2 5 0 50 (10 7851, 1"1 -A 01 -r

It follows ftom the above orthogonad~ty
25 0 5 1 Soji; O00. 1 is condition that we can obtail•a dynamic matrix

with the firet mode removed by the e qu-•.t,

I 00
*0j where iS,' Le a square matrix, who*e fir-St row

l.s the characteristic rQw I., and thoee otherI Aler a Ift- ro're trLaI5 z obts,.n rows are zero. The ctLaracterlistlc row ty,?

V .5 _ can. eli curee, be obtained by titeration of Eq.
o75 , 0 . Sol i0 71o3 ( Con-inuing the example problem, we havo

io so 5 o 1 0 . l4y o,0:'! cOrireaponding to Eq. (5-);
L" 25 5 0 i - 0o -. -ý so

150 0 Wot A-00 1 00
0 7 .7-JL7 3 0 1 0 1 0 J 0 10 10

2.2- _ 0. ,12;S O-25 0-50 1 S

WI 00 1OO 450 20 .3 Of

- .2109490 The next iteration yie• _

• 0 44661257 FO 75 o S o_ 05,0

A1 o 1.3 .4o IQ 50 1 00 1--0t

Havtng obtained the fundamenlal natural 0O
grequency a ~ ode Ghape. It is mow neessary LP, 0
to mrodify the matrix Aý to obtain the second
mode. Although there are many mehods for - 91 A 0 1 18 2 S1.
dotcg this. the following diecussion will belimited to the method of Ret. [31. For this pur- Alter a few more Iteration we obtain the char-

pose we need a generalized orthogoq.tality rela- acterietce row
tion for the eigenvectore of the matrix -A..

-y. A0 1 5-SI377 2,9135S8"
To develop this or gora!!ty relatIon lt i

us consider the equation The dynamic matrix for the second mode
Is

Sx -•A =. 2 : A,, (55) F ---
O 5 C. so 0 Sji 0 o'

in conjunctihx with Eq. (586): :A a0 5.0 1 00 : 00HO1 0

L,- 5s La.mo so So• Lo o Ij
S537 2 .saT 813•,.!

Postm utltiplying Eq (55) by ,' and premulti- I 50137o o 0
plin q (56) by :y ;we ob-faLn !0 u 0 0 a o0 j{

•n 0 0"0 00

j or
and

.- o -0 66353? -1 - .'0.6.- 1

•T y, , 0A) 0 0 224312•0 -0 406770 1

SUb tiaCIr, g. we otain the desired orthogona11y V 0 L jOt

refation iterating iA, we cvtatn

or 3nd
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f-i 48287j1then
(Viiix f- 0363,V,

TA graefti the dtnawtoc matr~it for htrl~er 1

(A141) IASI - (A,'[$,.'orurri

Let Us oCý& oo~AIwtt* CAC4oflSemlSti- "'Al jI
n1tit- ayrnaks. As w* haeoei abofe. th'e ok'r-

In. U~d &~ cuturtil frtquenctits rA a vibral- an~d
jI sa*tein caa bie found by Ltefatt" Of the

WIV) Cvi*~2 (SO) thent

B~eclaus the etlffoefl u~tatytt (K) 10? A seMI-
detnh &ie ystemis singular, it&aifYerM)**tdoesBJlx,
exit, and the equation czmsot be o0iflrd

Boonver, b) making# U86 -t A tOW matrix Returning to E.(80), let

that-cfa be Inverted. lbs followirg tboottma
are prennmed withot prod.*4  ~

Theor-em It RItbeelgeuvalues ofa matrix .,U

(A) are % ,, soad the 4c owrrotodin elrntvie tars
are-f~ (Q bOmelguivtiu.'PA s) ,'wheire (1= the
(A] , are x.1' and the corresponding #elgenve -
torte"( a ) -2 Inbmofrmw arU

andPremnultiply by M)to obtain

then ~or ()

ibeoreaS2- kirbetmatrix US) can be ormned Equatfin (61) car. be iterated In the same man-
as a poiyroc mit ol tnatdx (A) such tWa ner as Eqý (42) io obtain the f ree-free modes

for semidelftithe systenia. The eigerw~alUe 01
EJ r- =a&! 131 '(A'IrAl. Ký (A~- q61)!#

Wnd tL the 4elgenvabiels WWd *etgevectofl Of WA __

akre xL, and ,a,). then Ume ett~avahkt9 and etgeti
vectorS it()j are wWfl 4x), where

from which the system natural frequenciesa can
* y ~ be recoveredt

*Al~JTo appiy the Iteration axethod tom systaure
with viscos damping -e write. the homnogeneous

oFr prnofw 32? Ref-r. j4j cud (5).. part at Eq~. (i2) as

.02



fJ o(0 ($2) eutosItolbtfn o prineIpli modeo1IM1C1 iD"9i Vij fo te 5 t E E Mtheseu 14ate~
it iu,-Pl &r Its delztvoiwNottll to maige wucof t1he ordhogoriulty property

eqainof IhQ #anie formn as Eq 3)-of the %rrinctple modes6 to de-coupie the *q~j-J
(10415 C4 mottou It his been wnowii ftht s

j;0jWJ' fpill - -V 10 fp(,I-tions to Eq. (08) zkre such thar

The oJU Qgoa5ijty relation~s, E1. (19) an-d (22)
can bewrltir A11 wt; now lorm ai iiiieax LrnhIormnit 04r~ ~wat ma o1 the mode vector*. we cajn write

f- (70){hti::i thr0 th (64)~ cd :V) kaUeri
Xud vector and the trw eleiment of 111) to t~he corre-

I s~~poid1,r~ normali coordinaate. DUJ11ýrefittti-.g

ip iu.) [W-1 (6 1 p U Eq. (70) twice, we Mbawn.

Rlewriting Ej. (63): Subs~titute Kqs. (70) zad (71) $into (62) &Wd pro-
multiply by 'VI I to oatAal

jJO) LMJ~; INow from the orthogonality property (Eq. (40))

-K C~ s! ii *~ and

A metho for iteratting Eq. (66) maty be found in ~ "V! ~ o (74)A
Ref. (61. This is ob~viously more 4iWfir-ult th
U he -e2!o~u prubiem b>ecaulýthe rot wherv ise csilled the genieraltred maus or
and miodl columns are both comnplex *Ad wiLU the rth mode A-nd X, I& tatled Owe generaiz~ed

occur as compter, Conjugate i~tra. stilness for 1-hi tib mode.

Subatltuting Eqs. (71) and (14) into Eq. (12).
FOKFD-MPNSESOLUIONwe @#e that we have decoupled t1he equ.~ttons of

TSING CLASSICAL mORA!xiodUItfO int ,ttdepe u-t modes;5
MODES t N vT,; ()

qxiuttLone# r motilon of the formI * *j .*K*~ -*g (67) The *et of Wependent equa~tions (Eq- (71;)) can
be easlly soLveýd for wbe resjpo~e of each mode.

(or forced systems with damplitg axe alniulta- The respon"e lxi the physical coordinate can
neoua linear differential -equatloesar Tile equA- thlen be. fokud b, th it- W, iVqd. (7W~ and. (7 1

ti~saecoupied thi. ough olf-diagonal ~erms to
tZ~~oeOiCi mtrices (I..iC, -*or ti.For the case (V )Wiht damping. ~ (75) Is

Clooed forrm or direct atolutilon-A to these rqua - modified by 2 vc-loeity coeffictent matiLx anal-
t icmw are dtflicult or Ampoeible to obtain exc- cojuoýL to thle a Ingle -degree - of-!reedow viiaccua

cept for the :zos elemetLitry forcing fuinctioiro. dampuig ueirm:



j ~ APPL.ICA'iONS
(76) The normvi m'ode apV euh to tolving

Tb. o4~otln ofthevelcitydeprviixi forced-vibration proWems has wide applicationThe ~ofotln ofthevelcitydeler~eal In vaIculalinfl dynamic 10.4. for *pace vehiclos.
tarmaine InW+ (78) is Justified on~ly for eynm Tyj'~Iua. problems are longiiutinal respons6 at
With *LMOR, 0YOWiO4 dalpapir in geerl the Liftof. lateral respoiuze to wind gsts, rexporAt
modal v4I~~14~ of the forrm of Eq, (70~) to ainseuvring W~ads, end the like.
wfilt fall to &.agonallze thle vellotlty coifticleat
airIhx tor the damnped syrstem described by Eq. To complete this report, tht mnethods pre-
(67)- It k"a bork *,IQon by Ca'mghvy F7 iU t if sented in the pretvious aectiori wore appli,&d to

damo4KNOtn mtrix of PEq (81) 1* d~iaptlit.-eij "I CU 0!2Qj4eVi--19'~C.dd~ a
by the Saw" (ijutiorlallrmiori Ua Upcougles the -- 'ý - #~,r.-
u~ndamped sysitIX, then the system possesses vat limited to a daternIntiom~n at tho lalera!

'~oa~eeaI ~~'flR. me4. Th~ c~d~~tiIA vibr.aiion rexo t. t i ~et laeo.0 he re-
met if Ih* d~mptng w'trix is a linear combina- atained Yehiclo 2ad ihe eaedr-it f reicazs~j Lthe

tltm o te m. a~Aatllnqa nia~rksthold-down roetrawnA at MGMol

(c) A111i (77 Tlhu vehicle stiffnces and mass distrllxition
AAssurned for' this wtialysin are shown in Fig. 2,

-Iptbero - A" J] 'U4 'CcOiat~ab. It. lb voibie. of *Mte ur.ne na a Wie at te e-
Comoeq, to use tho complex e~g~erv.ctor# (see hidle stmilons, indicated. The Appecndix proeve
RQ. (64)) to wimeouple the damped system. How- f ort-utatloci ot thi, mahinlajlt model and
-wT;r, *& h"s ben provi-ou-ly Woed, thia I&B di!- sliffitese mukrim for WeI vehicle. For the cap-

~~i&1t~~~ AM ##jictcI i Aho vehicle was assume~d-to bc.,panil-

To ~mostrto he ranforailn Idl- levered at station 1. The caleult~ors for thle
Th~~~Dw~ modes*T~i and nraturalbo mdi- __ t, pre-

ie~sxed tyy Wq. (TO), Itt tus igin coosider the dy- set in TOWI~ I aWi 2, were performed on
namlo oysenx-brn to Fig. 1. IUO modal teIM? iia OP~r
n~a~rx Is formed [roma the nioilo veotors, al teIM 00dgia onptr

tLadlyd Snobaiv d)laio for Elgedwahlot. 'The first five canilevitr modets wid fre-1 41tmencies "ere used !or calculating the response
0 10832 -1 489M8 3 7784S4 of the restrained -vehicle. The equations of mo-

(VI t 1027 7 A -0-5&36 34 -4-249137 lioA correSPonding to Eq. (76) were written and
oolved on the IBM4 '090, using at vutuerical inte-

1-0O0000 1 -0009M0 I O4OWO grat ion routlse. The generalized force if- was
expressed as

1-6045 0- 0-0'Whee IQdesvri~tes the diatribution of the dy-
namh's pn"!qre! t" vthtc1C:e c~ The

L-Dv 0 10 274J uncionf( vie asumed to te a wedge-
shaed ustof -sec duration, euoorlimpo~ed

on 4 Stad trd ý. Ahovra la Fig. 3. 71he dia-

3 773ý9 0 0 Arbusin v~to. i iU; iveni in Table 3. One
0 94V4% 0-0percent of cr-ltical dALnTg; WW asserimed for

10-0 0- each mcde- Tbe ffte2dy wirid portion of itt)ws
nweglected for the ca.11ve phaze lxwcwaue It does

ro448613 0 0 0-0 iMtJ eQflitI)n1 used er

I0.0 04-8i I 4$
I. 0 0 00 ~?4 7

JTito shear aW bendming woweti at the ith
satilon %iere calculated by

CA.defnedby C(o ghey arT O'Kekiey j8l cfa*lb -

through ihetrmi iumn puint at the sai tinre.)
t~rbi r*&A'ut it frorn Lord R~vleigh 191. K
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For th IIpae4hefrtlv e

mt I, A~ (81) definite or fre~o-free mot1etA were uhed. 1%e
I .zcr0_freouen*_y -nodes (reprereenting rtgid box44

trwwsIiaton and rotiation) wvere ar-nlted, beiufie
Jrwiere v, is the distanee from the ith stationA (o the objective wa* only to Investigate the vkbta-
Ithe i th station1 and A, is the inertla force at the 00,; reepoose of tho vehicle. A release timte of

ih atatiori: 2_25 Lec-< %-A Chn-en ba~v4 a -i;i-aimurip tp dte
A, i .iop duirtrf utb captive Pbse

The Wtnitt cnntllta !2r K~zla.se W~re cza
The results preacaed in Fi'gs. 4 and 5 indicate cu-12ted from the~ terminal Coi~i~tions of the ý;ap-
thait the respunse is prcdornlnantly first mode aLvi ttve a The terrnim.1 velocity In terms ol

(112i Iwinclonof additional mod0A teunfecoessarv. th-e free-free viormial coordtiwes is



Nerz~*ITABLE 2f

2 I 2 ~ S 1  . itýi 14 0 1 i==0 S & L .L .= T ot= = Il--h)lTSt-t ).4i7OQtQa i.JasoJ6.OL-oi -tO904o-ai-.3Njit4Qt-QJ

at -fI4fi-4i -VO2 f9tG It) F.fw -Cj I .$b¶ILO 1 i-2ct .0

rpt¶~4Q~.~ U.0sl33115t=CI d&L0 211290-
qF j i.1sa3*i90-Q1 4.41iq;r4 :Qj-1  1.01%41t1t-0kC02 j li'3 -iet~6Ot-J 1 J.)S 0I3O2tlI0t

to jA M.fl.."Q L-01f -i -LS 1)1OL-42U, ao
iij qiittC~~t iaoott%010 5ýo -3.tSbitOl 1. ý35,1IsE-o 13..iCQGj

- I-1i21t*O.t-oj -4.O651CqtO z~sstu-Q1 Z.2.41011u101 -CI -34 32031f M-61I
La .2ad~~f~t-J0j48jjC 3 i. d)ot4(40 I _t -0#C 1CZ ? I't ý,a.!Ovr-V t

It *IflM?1~t-a: ).I~~iI~-o . ,::::t:i JO-0 -IJ.'91t ?595Ct-0 I~ftb&t

-1. -4.QL "*e 401t i.OcC"O40o. 00eQ 0LC00 do_ J- .h64010ot ooj -*,Ocooococt QoJ

TAB3LE 3
I ~Dynamic Preasure Distrtibution

2 j0.0988 10 0.0988 18 IO.0858j
3 jO.0988 11 10.0988; 19 i 0.049 51

q j0.09 88  12 O0.02I 20 10.03291
j5 0.W988 13 O.0G5B 21 1O.01O5.

twn- 0.00419 14 0.0605L62

X.u (9 -T

where 10- Is the s~tatlcdic m pot vm

(I-t) 83) Ii% (rein the windW force 4&i 2.25 sec and was
(ir)cakouIJed by

VWý 4M (80)

fyITLWI(*'I( IYTWIVNIt Ls to be "ote Ujiat, aitho-agh the steady
-C ~Wind does Acx Vtaý t.he velocity And aacctcera-

tion res raae of the system. or the dvixmilc
Vi rerI# ben-dirsg mon'sutee, it dJne caniribute to the cte-

fit~elon, of the e'ehiele end to te tota energy
RI '[v'iuYWa 21 tort-d in U&- botd-down ojfngw "n must be in-

cluded In tie millfs]. conidltlons for liftoff. The
SMmirlay the IntiSI displaceretnt in the free- reipoose for the Iittolf jAine is presented for
free normal caordinaiea is typlcti stations In Figs. 4 a4M 7.
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Appendix

SWVNEiSS MAMIUX FORM~ULATIkON

Thie st~tfuosa reazix for A eSinglo beam le
eMent wa gWv" In ftel. 1t01 Is G-L

-. - The 2above !nlýLuri is Lhg Eantg 4* the gwyc' n

II orinatioeddefined by. 4;bove.

-' tThe vehici asixvmzed in thisreoprt wus
iltjldt 4'ru 20 W.,i du~iuita lird 21 ab

11 siatto=i as aiw in Fig. 2. The phyauwxJ prop-
ertite for these N.eani 50fferieij AXP gkumuffla-
rmced io Tabik, A- 1. Tho muifinoss oiiomentt* for
*;ih Lio..ni aogmankk vt gvoo in Ttble A-42

L k T'ht ii(iftŽss mirpix for the cuuvou.ced
N~r cc iienA6 ia forwiied Lry Lidingv~. the clW

[I ~ ~ ~ nx a' ~ larnwniA at ('olnrno¶ iwOdA. WL~mtat Thjis to,
L Li ;shQoii in T&IJAL, A-3, The fljuatwIx in TeJ)le Aa3

is to) Lhe (yee-free veWxCle. For the ce-tit-

L SWCAtaA I Axe. uoQth vu Loio . reIOu-. the latiff-
ricas n;3tr3x for %:Tho cairtilevor~'d vrthiclv it

EtI fouria uy wrmply c~lminsaling rown I armd 2 uvid



TAIBL11 A- I
f3'iiu Flemcil Phyelom1 Prolverlseir

rramr No db-in. J) l1j,1 (lb, {Coorditutte'
a.0 RioI 2500 0 1

i • • 'o Elo 50 ISo tO i ]S, 7 I,.O 10 SCOO I]
4 iIUEO gl 000 180
5 11.0 EIO 6000 200 I

-110 0 $000 350 I I7 11.u0 EO0 IO

00.4 e) i 10i " 50 0 T .0 7 1
I8. 5 rI 1 3250 500

13 2 S .l O - 22 90 -00

14 2-5W. 0 .3 ow 050
16 2.5 11I0 3000 70 0

"1 -

It7.5 E 1 0 3 .0 - l0"
ii 26E103000

1- -1 200 180

S 19 1.0 ,110 low 9000
* 20 1.0 S~ig 1500 Ho5

1 1.647468 6 4.118670 97 3.22968 9O -1.170,332" 9

1t6414. 0 8E 4 1186701 El 9.658 -11.170332 Z13 .4740. EU 411M870 E7 3-22968 SO -. 00~332 190
|4 1.647468 i. l.170 E7 0 1229608 B9 1 -1.170332 .2

I 647466 96 4 1 IJ70 C7 3.220668 E -1.1703$2 SO
6 L.64746S11 E16 4.118670 V1 3.229M65 99 -1.170332 n
S1-64.0740 td 41,2t8670 97 3,220666 ES -.-1703, 4 ER

' L47450 Eli 4. 118670 E-1 321168119 .1.170332 M;2
., r-.- 4.. 1' HI V' 41 -7 f. S FU)IV

zo 1.847456 E6 4AU'6570 E7 3 2298.58 11 E9 -I •1W32 L
0 I 33770tZ6 3 a 31. 252 M4 2 53701, 9 - 71.6QO344 Fs

.2 ILC-017O 66 2-5043,46 il W606oe. RD -A lot

13 7M08.124 KS 7647140 E7 9-411765 E68 -5.382302 ES8
14 1.0W8-24 15 1. N14706 E7 5 111166 'Ea -6882352 113
15 -7.058824 FS ]-?647G4 17 7 9A411765 te,8 -5 M8 Is? ini

Et .582 1 1.764706 L 9 41118661U .5.082362 10

iGo.1 7 05S324 F5 I647 1W 1 9 ..431735 NO
1b SA032353 45 1,2708e e71 6 77141-0 E01 -411=4794 S7 7
10 4 1147036 E5 1 0118571 M1 4.57)428 U1 5 7162M Vl

-p .114 5 i.37851"' TN 4 S-1 47-o S13 71428681E7

____-=-

10= -1
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A NONFLWD VELOCITY IDAMPER

William G3. F!;iMIelly

KanvanAreaf
[nvaio ofKananCorporation -

I i i4'.hwo :~a a rooed ~oc ehtn6 axiii~in v'odry rOtating egtaft! ziCri -14 a
IVelocity dam~per r. the AXIal d..rection. ihe cffectm'e rcc..fftc!en. ofj danlyipin; I aI :nclcr.oftte ,hah. diaretler' shaft bpeed, anad the normal fore.TrgheAi') I

mntcni. the axi.ti forceý is found to courrelic Yery cloicly wi-th viecous damping ano
It IV found pteoezo to redt-ucez tin camrrp)ng to negitgible values ;f desoired. The maN~-

fti qnun f'a fvicnUt ce" .facien.& oocainable %with fractional
-hortrpoweri are sfiinl high to czivcr a practical range of smallip-. ccrcoai)ý)! 1b
ora-toryl taunt5  Expcri-nnerata mcan; for measuremernt of sliding cofiin of

A !abo~ratcrv r-g for 'rtsnn pcmn o Cfidli.e;CCsa.i;C mnot-On wa? ar-ghgibie

revistance v-as constructed and is des-crib-ed In~ this paper.

NOMP ENCLATURE Viscous dimping ratio
C. Coefficient of velocity (viacous) damping Equivalent viscouS dampipg ratio off

in the axial dtirection (1,-tec ýin istructural da.mping

d Shplt diameter itnJ Natural frequency (nad/see)

*Base of natural,. logarithm -. Satspe-d (rad/Sec)

r6 Resistive force in the axial direction (It,) TUEORYj

F, Force awing to Cm-d rib fritrtonk (Tb) _q observed by Timtoshenko 01? that a
-- %.. - .1Sti.a.K can oscillate lo mne axs't dlrecto

z Structural damping ratio witth verb litle resitstance to motion. Thia oc-
cut-s ywheo the axtial velocity 16 an.all comrpared'

C Ace kiermibo owln RV o gravity ¼8 isrim toe, tangential velociy. F~gure I hw the
CHIC~i. forces wWK veicculec on either of the shats- of

fig. A'.. Thke foarce ot friction, F_, must be in
ti Iorepwe pponsilton1 tu the velocit-y,. ,t-he frtctto-aal !Lirc

component in the axial direction it, Ltfrrelore,
.2iiiiia fSSI rip e 1 (pfiii

st Normali force (Tb) .(I

t t qiio- on h5

Ideally, the frictioaal iorcu, F, is the pro&dc-t
Axial we: city Jlas' o of the norma! force. ui. anid the coeffictient of

stIriuinr,e, *tieW'C~n the elidel n athtie Shifte;
ssX., ;M~ciyu. occc it the tangential velocity, v~is much greater

than the taxlat yeloctty. v., then

C&*'efltc'ent of s;lid '!i ;-.4 1If dryI-'
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/xiaj reisiv forcev is! d~rn 6 ecnt-fpr

///-a ahafwin t hr e
2 peren ofALt. puer vscosa apigth

rai4s1 ecn.1h eino eo

Inthe regot of veloit damp ing. , its en tmay the
Takka I~e r~eiflal vlopit asaxialn s ribesitb* aive forcle swt ion s foprcent iof usr

Fig. 1.r rorped wih ade = ve locity ,I vqelocity rtof inus a d 20 pate n a ndi co rme-s ti
is~~~rai isn tOn- perent The reio ofa th* n'.t~ belowr- ýJ

damptngandteregionbetweeno YCIC~ damin. Thi 0s
z Mis motie isto wealypnsi "ve s~S Or fiml ahnlf s 'trInn?!'. 5io r zone." lray1m da ee
inl eltcy.prprtoAm Vti ropi rate j l

(for n tI~stangntia velocifty MSTod tgmearegyo obfvlcty diampetngenemy

ire~l uVtie of erolmunustoa rflýio a-Enwmv.~
osse n fr a Iso.ft, thqire the nroduce af give r*'-id qfaxa

it~ wauicude is isensiive a ii~nskl cni,ý8stiet damo n isc gifven rb~tay th -in, 6 ediandte

'cn -%aWeeav -- yt aigi;t~j vso ,)L of rs ~ dam tr

~Aoaa, p tvhng on v zthe rz~atio of the axial An irprfmU ltoa IOOIl94-*

t aiD5 d theeto 27.on shY-a4,;ft, retoe toi prciuc ar give maniue faa
rmrtocs daopin s1h given forc thdeal ped-

From th plot o t~q. i) tc" inMg ,a'fito oqe

seen hat here re Ltresdishe r iis o
T aking rt; i deewrivg nthatioe of Eq 1,wthre-aa - -____

8j)--tt ~ ~ ~ Th toogie h vav thennin eafare H1
6e~ notcebl 3-Hm Coim frjio'
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mod-, zhwn in Fig. 1ý, had cmnerrotatingf
1010 1"" s ts gear~ed togg.tter.

T-he MC4or $peed W" COnT40fold by a comn-
mere~i~i electronle speed adjuster and the 46W'.t

/ N. a magnetic plim~p to an oscllc-graph. The

___ H > spe ted va riltnre4 siguiedonce per revoution

with the skhafte not turning. Witt th~e ahiiitn
________ A rotuatlg, all etatic triction disappeared, a~s

woldWex*Od ai n saicagl o apTcol1em~ue.fe n n ftets
(1vc wa1ipae rr tehrzntlb
evnatwtm6h ' n nhi ok h

Vig. . Wlailrwi iecteratin forYelloity sider locktralo o telwsd;i a
dtrpigM 1-n danee hat hesnstvtyo crene' bbl lvl

000'

*bttar o rienb a1/5h ore T otxnccrren~aCLemns f h

tI



- ~damping effects will bie otiserved in the deca~y
curve only it the tni~xlmum vibrAtory vtfocty
in the, Wsl.' filreclor Is very high cotnupaed

IM lith the tarqential Velocity, let ;ý *aY 100 Umtim ;

thti the energy dlflIpeled iier cytlo t Wa 4rx--
Ap fffmffImacely by F 7bW Ih beltvlor of the.decAy

____ ______ C'urve Iiso 0T16 JtlwM'-rest in this~ 113estflewon.
- ~The low rate of &~ ntoho iniw t~api .t of

* -the e~xpartmentai t. ace shown in Fig, 10 roftli,
0 j0 / In the main, fromi bottoming of tbA moving ele-

meri _040ucradthtscioo hl-aUe car, ae Ignored. The high frequency evi-
/ In Ili,- tra sdce r i nd F i . bat i s6 c Z Wti o -4t

toj / \~ "AC=uBcd by' ellectriek-1 noille.

Ii7\,/-.-- XP~tIMENTAL APPR7OACHi

4,-
-~ Vibration decay tra-ees were recorded fot

\ý> fre 7tu otion 01 blo~cka carrying various welghta
" ~and at vartous sh:lt rpm. Figlire it Showa

1 ~plots of su~ccesslve normalized peak amplitudes
*, ' (umbredasshovni the iinset) ior iou.r val-

tise of shaft rpm~; the natural frequency of the
& ~~iid~or ck agamtint Ila Springs 4~ -U.6 Hi in •

ctFig. 11. The cvclf,, on the abecissa axe eW~.
tially numbered from an arbitrary, reference

Fig. 7 Critical damping coefficient vs-cocrigeryIntetm itr le
weight and natural f&-cqu*DC-Y the t-ran-aducer element had ceased "otoming.

Tihe expected pattern of successive maxi-
transducer, reading in the axial direction, wats rown amplitudes for pure velocity dampiag toe a
fitted to the sliding block and its signal fed to Straight tine on semilogarithimic paper, as
an oacillograph. shown by Dien Hartog (21, for example- The

negatively eioped li-nes about which the test

Willi the Shafts rotating, the block was d'w- points cluster in Fig. 11 are least squares lines
pLaced from its neutral poi o n uM l of regres-iton 13.4). It is readily fhown that the

relesed A ypial eca cuve s sownin tau~caly eatvallue of visctous damping ratio
reiag.:]0. Atyia ea uv ssoni ot h inezsured fleaks each of arnplit-udo v, al

L,.ecaufee iOe bi-ocn C~q!!2tes ax w!!~v, goilngN tgaT n Llg,.e Y.
throtagh aero velocity twice per cyle Iolm 4-c n

____

Fig 8 0 ~g na' atra, ur r.,i drc"-



tor-a plot on (comir-on) x4milogaram1tem paper.
Th'Il di&p~ift tiro I* the aoftm uf the liniw of
r*VMWNNO* 00 Seflitdog pq*.:, d~vided by

TU C0o111cIlcat Of Cor-.41Iauo 3, 41 of t1he
j 4ft14 Wo pwe Viecou.s damnping is Oven by

UM wa Intal diplee i OI-1ey h ri . 9.MAdificd laboratory*ttdvc

164sd U hh t b" c1k E motion de-

Caled to Ab~khute reel to abooAt ft"~ oyole6.
5Scb ripid andIka1t decay te exp.~ed w~u'i

____ I dsy-frWW64q WwJ .airkly cort~razl wIth the tvr-

____ ____ ___ iE. 10. Ty-pi~ra deray of frtc axial
vibration on test device jhovwnng
viscous damping decay envelope

Ir It 1 1

01.

wl!
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The deeay dterementl er cycle urner ratlos se not reasonWbly cle to t•,a vokidi
Coulomb-Morin friction is. a entontant 2m Show-n, would be pr*dicted fro.m E" (2) iLkbve; tatW t1, [
for example, by Jacobsen uiW Ayro 15). With the dAmP4UW 1atiO [US' a t&yfitm with &
the weilgi of the block providing Lhe normal naural troqwsny does am vary inwerely iw
force the free vibrallon decrement per cycl, is tlb shaft rpm. This it o ova b g 2. in
given bry VM~Cb the d~npM#i ratio# of the 1.2.5-1XL art-

teins of Table I app~eal to !ppr-eac a tnlafe.
* __damping ralio a•.ympto•icaly 9A high rpm,.

(7)
It ma~y be hypegheitaed thUW tb. @)t#IOeO

of this auywapte refulto from structustidda-mptrq in the springs 10). Becwse the nor-

MM"'j i TZ1L_ Z&A rmza for|eis "npiyth weight 0 the addinl tblock, the critica damping
SResl•ts 011 some tc8t3 with rotalagJ.• 1fs

_are enowii in Tao-io 1. The coe1(fiietit of COr- IV
relation, calculated using Uio data of Pig. II. C1 G -g) i
Uxe all kuificiently high thai it m•ay be Concluded |
that the re.alsta.ce to xd.mi motion is pure ve- ODviding Eq. (2) by Fq. (6) gives
-ocitv darnping. Although the d(Ji oorrelaies
vYey well with a curve representing viscous . ,9) I
damping, the magnltude of the measured damping 2fi.% (9)

TABiLE ICorrolation of Test Data •-ith Velocity Damping

(rpm) N21ural Darknping Coefficle-t of
Speed Frequency Ratio Correlation
(r•,O (Hz) M%) (%)

4020 12.5 1.39 N.A.'S I
3020 12.5 1.79 01.04

S2100 = 6.5 1.60 i 9.55
IL;00 j 12.5 1.7 94-85

495 12.5 2-29 85
390 I 12.5 . 99.64

N.1i - Not &vaii.ble.

? • T---r --:. --- - -

F..

I 1I



t
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THE DYNAMIC RESPONSE OF LINEARLY VISCOELASTIC

CYLINDRICAL SHELLS TO PERIODIC OR TRANSIENT LOADING

Eugene A. Fitzgerald
Missile and Space Systems Division

McDonnell Douglas Corporation
Santa Monica, California*

The development in recent years of polymeric materials with improved energy absorption
characteristics has led to an increased interest in the use of these materials as coatings
or shear layers providing viscoelast.c damping for the structure. This paper reports the
results of an investigation that extended the previous work by other authors (on beams,
plates, and axisymmetrically loaded shells) to nonsymmetrically loaded cylindrical shells
with a more general class of cross sections. The various configurations were evaluated
for response to random, harmonic, and impulsive load, using the well-known modal-
displacement summation technique. In addition to obtaining equations and numerical re-
sults for cylindrical shells, results were also found for a dynamic correspondence prin-
ciple for damped structures, and a transverse shear correction factor.

The numerical results obtained led to the following conclusions: (a) Even large amounts
of damping are ineffective in reducing the peak response to an impulsive load; however,
ringing at later times may be significantly reduced. (b) The addition of viscoelastic lay-
ers produces a significant reduction in response to broadband and near-resonant har-
monic loads. (c) Constrained and unconstrained layer treatments show about the same
effectiveness.

INTRODUCTION shell vibrations. Most of the efforts in visco-
elastic shell analysis has been devoted to the

In recent years, the addition of viscoelas- development of governing equations and to a
tic coatings or viscoelastic layers to increase qualitative investigation of the motion.
the damping in structures has become increas-
ingly attractive. Also, there is a natural desire Baylor and Oberndorfer derive equations
to take advantage of the presence of viscoelastic for the quasi-static response of cylindrical
materials that have already been added for other sandwich shells [1,2]. Scipio has done the same
reasons, such as insulative or bonding purposes, for other homogeneous cylindrical shells [3].
but whose contributions to structural damping For homogeneous cylindrical shells, Librescu
have hitherto been ignored. As a result, some and Grigolyuk found frequency equations, but
analytical methods have already been developed did not generate numerical results, while
for the rational analysis and design of the mul- others considered axisymmetric wave propa-
tilayered constructions which are prevalent in gation [4,5].
viscoelastically damped structures. In a few of
"the simpler structures, such as beams and Damping factors or loss factors, as well
plates, some first attempts at optimization have as frequencies, have been found for a few cases.
been made. However, shells with viscoelastic Blot has considered the correspondence between
layers have not yet received comparable atten- elastic and viscoelastic shell motions [6].
tion and the literature on viscoelastically Bleniek and Freudenthal have considered a
damped, multilayer shells appears rather re- three-layer cylindrical sheU with transverse
stricted, especially in comparison with the ex- shear effects, valid for a stiff core [7]. Yu has
tensive literature on elastic shells and elastic developed a set of equations for three-layer

*This work was done at the Virginia Polytechnic Institute, Blacksburg, Virginia, in partial satisfac-
tion of the requirements for the Ph.D in Engineering Mechanics.
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shells, including transverse shear effects like natural frequencies and damping factors from
bileniek', Wut probably valid for slightly thicker the natural frequ-nncies of the elastic system..

shells which he used to find damping perame-
tore for a sandwich cylinder 18). Halle has de- A direct attack on the vlscoelvstic problem
veloped a more general shell theory, with a can be made whether correspondence exists or
somewhat different accounting for transverse not. It Is likely to be very difficult to got a
shear, valid for a stiff core that was used to meaningful solution, however, unless corre-
find a few frequencies and loss factors for a spondence exists (whether one takes advantage

shell similar to that of Yu', [9]. Salerno and of Ut or not) and, indeed, in not one of the cited
Jones have used Yu's equations to examine two papers is there a deliberate lack of corre-
damped cylindrical shell configurations under spondence.
resonant loading 110]. Because of the great variety of elastic

Differential equations similar to those of vibration problems that have been solved, it
Yu are used In this paper (with a changed treat- may appear that solution of the associated
ment of the transverse shear) to find loss fac- elastic problem either has already been done
torn and frequencies for selected cylindrical or is very straightforward. In actual practice,
shells. In addition, the effectiveness of the this does not usually turn out to be the case
da-ping in reducing response to transient or because the viscoelastic layers that are added
random loads is considered. for damping are usually relatively soft and

flexible with elastic moduli of perhaps only
1/10th to 1/10,000th of those of a metallic sub-

THE_ VICCOELASTIC SHELL structure. Therefore, in many cases additional
PROBLEM deformations such as transverse shear and

transverse normal strain, which are neglected
A general correspondence theorem exists in the classical elastic theories, must be taken

for viscoelastic solids which guarantees that, into account.
under certain not-too-restrictive conditions,
the solution for the response of an elastic body To summarize briefly: The viscoelastic
(called the associated elastic body) will be the shell problem in many cases can be reduced to
Laplace (or Fourier) transform of the solution the following:
for the response of a corresponding viscoelas-
tic body. For harmonic motion this general 1. Establishment of correspondence be-
correspondence theorem can be applied to get tween the viscoelastic problem and an associ-
a particularly convenient result, as follows: ated elastic problem.

If and only if correspondence exists, 2. Solution of the associated elastic prob-
then classical uncoupled normal modes lem for normal modes and natural frequencies.
exist in the viscoelastic solid and are (This may require development or adaptation
identical to thorse of thV associated of differential equations containing higher order I
elastic solid. Furthermore, the natu- approximations). This is likely to be the most

ral frequencies and logarithmic decre- difficult step in a dynamic viscoelastic shell
meats o! the motion in the viscoelastic problem.
body can be found from the natural fre-
quencies of the elastic body by an at- 3. Algebraic manipulation of the natural
gebraic relation, frequencies of the associated elastic problem to

get damping factors and damped natural fre-
Also, because the normal modes form a Zm- qu:.tces.
plete, orthogonal set, loads ant. initial conditions
can be represented in a Fourier series of these 4. Application of the results of the above
modes, and both transient and steady-state to a series of problems witn different geome-

t foresd motion problems can be solved, tries, loads, and so forth, to develop insight into
the response and to find optimum designs.

For the cases in which correspondence
doeGs etist, it can then be seen that the central
problem In v-scoelastic shell analysis changes THEORETICAL CONSIDERATIONS
from that of finding the response of the visco-
elastic body directly, to that of finding the nor- Thle existence of a correspondence between
mal modes and natural frequencies of the as- the solutions of dynamic elastic and viscoelastic
sociated elastic problem and performing the problems has been noted in the Introduction as
algebraic manipulation necessary to extract the key to the solution of a great many viscoelastic
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structure propblems. S-eve ra! correspondence d~i ferentai spaniat operators, respectively, d -

principles have been staed for different classes Is even, then normai modes mW oolutiotis of
of motion or Byulems, the typo

A very general correspondence principle Y(R. t) r *,(1) e* (2)

for the free vibrations of a viscoelastic solid
nas been stated by Fisher and Leitman [11]. will exist, if, and only if
The existence of uncoupled normal modes in
damped systems was cons.itered by Rayleigh a. The damping operator ia a linear com-
who stated conditions sufficient for their ex- bination of the stiffness and mass operators,
istence in discrete systems [12]. These results that is,
were generalized by Caughey and O'Kelly, who
were also able to state both necessary and sU a-
ficient conditions for existence of normal modes a e (iw)nL.)] bw=M.
in second order, viscously-damped, continuous L n

systems [13,14]. In this paper, their results b. The damping operator is commutative
are extended to include viscoelastically damped,
nth order systems. with the stiffness and mass operators, that is,

The correspondence principle itself can be, [Re
stated, in a form slightly different froin that ]
given by Blot [6], as the following:

The strcs.i• and displacements of the
transformed viseoelastic problem corre-Sspond to those of the associated elastic (4)

problem if and only if the normal modes
are identical. and the boundary conditions for the stiffness

operator are derivable from those on the damp-
Existence conditions can be stated as lng operator or vice versa.

follows:
c. The body is homogeneous and the bound-

1. Normal modes exist in a nonablating ary conditions on the stiffness operator are
viscoelastic solid with nondissipative boundary derivable from those on the damping operator
conditions, and they are identical to those of the or vice versa.

associated elastic solid, if ine of the following 7
is true: As an example, we can consider the Timoshenko

beam. The governing equation for the Timoshenko
a. The viscoelastic material has a beam with rotatory inertia is _-]

homogeneous relaxation spectrum, that is, the
lose factors are the same in dilatation and [pIpAl 24y + pALjý 2 1 -Y2
shear. which for isotropic materials requires IAJ - L\ A/ ax2J •t 2  u

Poisson's ratio to be constant [11]. L

b. The motion is purely solenoidal or f [E2! = -pA y (5).Spurely dilatational. "Zff4

p c. Aproduct solution is ltnown. Let

Sd. The damping is light and the natural y = O(x) e (6)

frequencies of the associated elastic body are E* 7 E( I + j7) (7)well separatedd and )
2. For bodies for which the equations of 0 = I1 (8)

motion can be reduced to a single partial dif-n
ferential equation of the type and, noting the undamped natural frequencies

as ca, and the damped natural fr-.9.uencies as

,., where
Ln ' Ln2 .... LoY --MP -t--- (1) -' 0 2 •

2

where L and M are complex and real partial upon substitution into Eq. (5) and separation
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into rtea and imaginary parts, it is found Lhat
the real parts y'eld .

(15)
IpA 0 - Y)2 _

'A ~ 10i2  xjj , X4  Vk(h) i

P&. A',0 - Sb 3  4,~&~ri (10) Similarly if 4',(n) zc, then to;-a must equal
zero, mad bo on. In particular it can be seen

and the imaginary parts yield that fixed-fixed beams, free-free beams, or
cantileveved beams, do not have compatible

* r boundary conditions, while a simply supported
EIM [ (711'2) 2 ___ beam does. Because the mode shapes of a
NG '' D, J 2 3.x4  simply supported beam are known to be sinus-

oidal, infinite beams with sinusoidal waves will

j pA(28w0 ) -£M[-uA 1?2 + 48712 w,3Q *wwl 4c 0 21} .- also have dynamic correspondence.

(11) This result is of some importance because
it shows that most theoretical analyses cor-

Both equations must be satisfied for n11 values rectly assumed correspondence, as they were
of x. Assuming that one of the equations, let done for simply supported or infinite beams,
us say Eq. (10) has been solved for the elgen- while most experimental results usually have
values and eigeofunctions that satisfy it, then at best only approximate correspondence, as

4d0/X can be found. Upon substitution for they are done with cantilevers and free-free
64/3X4 , Eq. (11) becomes beams.

Difficulties with lack of correspondence
p1(28, - of2,11) + -P- (260 - 'i'o2) (although not labeled as such) have arisen in

elasticity-type solutions in which sinusoidal
modes, in all relevant directions, could not be

I + '70 2 BO any coupling by assuming light damuping, but
Herteiendy and Goldsmith's report is unclear

P=2 \ I regarding the approximation they used [1fI.O: ok2COO - ý." - [--I(n: + 1)

M' I" ý 771 Based upon a limited series of experi-

"ments, and an otherwise commendable analysis,+ 482W 0 (71 + 772) + 4oWO(I - 7•7,)]JO. (12) DtTaranto and Blasingame have concluded that

J () the damping factors of a beam do not depend
upon the boundary conditions [17,18]. Their

ff 1, then both the coefficient of error results from assumning that there w..ill be
2/DO and 0 will be zero (for 2 8 , = ?P2 ), so at least one real eigenfunction for any beamn,

this equation Is always satisfied. Of course, but, as we have shown above, there are none
from the general rule given by the Fisher- except for simply supported beams. Therefore,
Leitman equation, Eq. (11), this was anticipated DiTaranto and Blasingame have assumed, in
[1]. If the los factors are not equal then the effect, that at least one eigenfunction is sinus-
eigenfunctions In Eqs. (10), (11), and (12) will oldati. Ruzicka handles nonsimply supported
za the oame only if the boundary conditions are boundary conditions by assuming sinusoidal

compatible, mode shapes and light damping, which gives the
same result as in Ref. [17], but in a more

To determine the compatibility of the bound- straightforward way [19].
ary conditions, Eq. (12) Is written as

For reasons related to experimental tech-
L41* = -P. (13) nique almost ail tests have been done on speci-

mens that lack correspondence. While the er-
* &ppcae that one set ofl kcanp4ry Cnd~itions! !eIC: t

may be acceptable in the context of the present
"q() #(b) -".(14) test accuracy, at the least an estimate of their

size should be made. Apparently one investi-
gator has noticed substantial modal coupling

Then from Eq. (13) [20].
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and with any bounda~ry conditions will eirhibit l- ) R ad 3 R 2h
| ~correspondence it they have homlogeneous re-

lax~afion spectra. However, for the multilayered [. _1
shells considered in this paper, a homogeneous MIS H R ?I•
relaxation spectrum is unlikeli, so the existence (16)
of correspondence must depend upon the partic-[ ,
ular geometries and motions being considered. Rl:• '

For the most general vibration, bending, l .stretching, and shearing motions will be si--

nific.•nt, and as a result It will be found that
correspondence exists only for sinusoidal mode where the geometry of the cross section to
shapes; this, of course, requires simple sup- shown in Fig. 2 and3
ports for a cylindrical shell.

- El

If correspondence can be establshed the- BI B' [1
elastic shell equations can be used to solve for M

the motion.
Equations irontaning higher order terms B12 = -- h Jhave been derived by Yu for nonaxtsymhertic [ I- lw

motion and used (in a redtced form, of course)
by him and by Jones et eal. to study axinymmgt- C : 1hI
ric motion. Rotatory and translatory inertiagn
terms were included and normalr were assund ed(at
to remain straight but not normal (7,0]. Bswidek i 2 anand Freudenthal dropped all higher order terms DI, h'2 + II aand used the resulting equations to consider f

nonaxisymmetrtc motion alhso e4. Their as-
sumptionB regarding transverse shear and iner- Z -E fhsh~a
tin ternms are the same as Yu's. In title paper, s ý, -- 11 -1some of Yuas higher order terms have been
dropped but the resulting fquatrons, while

moigtiyonrndued (opincatrded fora , ofnik' course) I,,1.

Frbudenthal's, an e still approximately Donnell- n hctype .The tangential tran.latory inertia terms

have been neglected but the same assumption to and MA is defined below and the reference
made for transverse shear as was used by the surface is uocated so that
others. The no'tation of Ref. [4] has been

-pto re asin or stra ght butnot Uhnorm al a78. ind e a- 1 (7

anmore general method al given for finding the ,,,

constitutive equation for transverse shear

It is assumed that the motion of the siell is-

(W such that the stress resultants shown in Fig. 1,E. [1
can be related to t e. di thacenienets by the fol- 0 2

Freudenthl'sFarestilleappoximateldDotress

type. The tagnta translator inerti termsefo clndi

1N5 = -4 B_.O
others. The noation ofd ef. ha

Mdpe =s Dor .ugstv T) a resltnt for a yidi
morP genra Ieh d is g iven fofndngth
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The equilibrium equations are obtained __
from those of (8] by dropping certain higher + B + 2 A0) KAG R, 0
order terms involving coupling between stretch-
ing andbang terms. They are shown below
with all translatory inertia and aurface load zu Lv +
terms included, although only those in the z di- " O - "
reetion (radial) will be retained.
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p 1 2

::!t + 2 aaI t

- where where24 x-R (21)

-1 i: 1p ± I hi+ hi d] (20) Equation (21) together with bounuv;y: COi;

M~p 1 ' A - ~ 112 1 ]ditions will form a complete boundary value
problem. On the ends x = 0 and L, one of each

where Pi is the mass density, and pt is the of the following pairs
externial load.

7 ;-Substituting Eq. (16) In Eq. 119), the gov-
-I errning eations are found as follova: must be prescribed 17].

( 2 C ( ( ) 1The transverse shear correction factorI• -a '3 27 +• (AGvB + mustbeevaluated for usein the constitu-

--l + C u+ (02 + C) - V f B L 0 tive equation, Eq. (16).

(21) Recently Cowper developed a method for
(Cont.) deriving the Timoshenlo beam approximation
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In a way thal g.-aaily clarl fien the naivre (4 the kA _________ E
approximation [211. This technique has bien .. . .-
extended herein to muitiLayer cross Rections. , 3010% 1 "

: ~~(28) --
To evaluate the transverse sheoa correc-

tion factor by Cowper's method it Is t ecessary where I is evaluated sepirmtely for the k T,
to make some sort of assumptin, su(m an the layers above the neutral axis and the k Tj

* existence of a particular strain, stress, or die- layers below the neutral axis, and
placement distribution or condition. In this
case it will be assumed that, the shape of the _

shear stress distribution in the same as in the EkI a- for T-k
static case for which normals to the middle i- ,k#1 k (27)
surface remain straight And for which the shell k"
Is axisymmetrically loaded. The coefficient A Tzk
that will be derived on this basis will be oqually k0 or
valid for dynamic, nonaxisymmetrically loaded
shells to the extent that the shape of the shear
stress distribution does not change under the Dk - di (28)
new conditions. Of course, the magnitude of 2( - N)
the shear stress can change drastically without
affecting the accuracy of the approximation. k f(Al + B
With this assumption then the normal stress is C k uA (di - dB1 ))

E
M (22)

1 -(29)

where D, Is defined by Eq. (17), and the geom- 6G.( 1 -out) ( for k>1
etry is shown in Fig. 2. Then the stress is (for
Q Ck z 0 k=ork I

+"' : -•jl |zr j-jzdz. ( Dk - _ (d2k) (dk_,)" (30)

Theni the constitutive relation, For the simply supported shell considered

in this paper the natural frequencies of the as-
Q I z f , d.dA sociated elaatic problem can be found in closed

KA j C1-'o * form by assumption of a product solution of
known functions. Damping factors and damped

becomes natural frequencies of the viscoe!-utie .hell
can then be found by substitution of complex
constants for the elastic constants. Both side-

KQ D f -E I d r d , d A d. (24) on (Fig. 3) and axisymmetric loads are con-

This integration can be performed for a layered
cection (Fig. 2) to give the shear coefficienit

where / /

/C 0- - 1"01 1s'(~ ~~ ~ _ o. " ~ ~ [c.;i) ( dk2 - d
ht ko 0•

(26)

(Cont.) Fig. 3. Side-on load j
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The boundary corditions at - o and i_ are whter

Na - V M - * , 0 U (Bl0) )( 1 l
1 

*0 A2) D (liC)
2  

n

Then, it the load can be represented by £ (n,.I( 2
.. , .

P3  Pan (sin hef sin iV)e .,°t (31) (DI, 1
10 OZ R•)(D01 4 "n3 ,K- R3)(D1 4 n

Where m and n Are not equal to zero, solutions
can be found in the form Do i K1 G (.02 0

U r L. UEa sin )(l2it 0 C)-\2), - (,•2* C)(0, KAG) Nn
3

v r • Vmn (sin \ma Cox n/) c 0t E( 2) R(B1 j , C)kn
| a n

j_ * (Do # K )(BI3,?
2  

4 C 3)n - (11 t" C) B
1 2 2 11

w = n (.& in X,,a I(in?.2Qe20

' =2 0., (corn he~ sin 0~) e 0 O U G RX I?(-(Dln3 1 10 4 i~R 2) 4 (DI 1 4 11)n2]
efOt

4, 3fintSa X,,tx- cog 'V) eI~ M~ Ro4-o (0,0 j1 j 11 1 A '1(D04 11)\ 2]

where x, a (mwR)/L and m is the number of half
waves in the x direction and n is the number of vj: Om R
full waves In the circumferential direction.

z3 -8 (Bln 2 +C 2 ),\2 ) B * C)(iA, +K')-0n2
Oubstitution of the solutions of Eq. (32) in

the governing equations of Eq. (21) leads to a _11(01 , X)(D 1h t CA2 )jj + D ln 2(tR 2 +C)?'n 2

set of algebraic equations for V,,, V,,, W.,
0.,ý, 0,,, and the load P5 . These can be solved
to give relations between the displacements M2 R2 (- ,t \2)

jjm -fY, R2 (2(D,+1) 4 1.\_D2+b3rR)2

SV=n
l" = M 12o D 4 C)-o - 0 - "

I + (LAW 1- - U) +~ (3)36)h mme olto

j *~% n R4~ 5 12 N0 4 R2 I

*n RI0:nI£ Thep 'he rtt;ý r: for 1~I, 0 1  IU
% M1

2
Re 

6  '

i0

and the maonitude of the dieplsOen~ent b on r~ i

V..~ Rl MR"ti4~[C+~.

i R R Z U14 1
R41 0 R2 Iwo2!Q R For axisymmetric motion n' 0 WAd Atoi

R2 1.2 a +necessary to rederive tile frequency equationt
+ -(34) star~Lag with th6 governing equations of Eq. (21)
R41 t, 2 [w, 4; and the assumed solution
AR R
2

w
2 ~+ ~128
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Vi .. L 0 "•Eq. (33) by e'`, where .. . -,, and .I' is
the damped natural frequency and + is the decay

L (U con ii .( . rate, and (b) tranfo'rming the elastic constwet•e

,, 37) Because any viscoelUtic stress-strain

S(W sill i t37) relationship can be written as

., - I (0.J sit P,) 1,, N

o lwhere P and Q are differential time operators,
- for the load

Stoe t Vie : p or e Pr: -- P 26• " P'r e --

1)3 EP, sin ,m P• it a, 2 atM

Then the displacement become

N 0 , 1_ N aw
el] Orakl : ' qrkl lt qr~ at a rk t '"q .k I

(43)
(RX - it can be seen by direct substitution of

(38) an" "r rs
W~m _______________ - (8, and (44)
Pen TR-,,o0" (Dk]2 

+ R2) 0kl 0 J
-- D I toat for this special type of motion, the differ-

( 8 ) - .entinl relation equation, Eq. (42) is reduced to
an algebraic relation

*~- r- +The natural frequencies are given by [rra -('A + 1"s I( fsICS J- ekl (45)

.. 'I4 MIR 4 ] - 1o(MC # I 9,!R1 + f-13 i3' P C EO - 0 For an isotropic material the etreso-etrain
(30) relations in Eq. (45) take the particularly sim- t

pie form

where i "•" : 3 ( K I + i K 2) , Ii lI

CO I)% + R andft (46)

511 2(Gt iG,) Vij 2G " )

",& I -(40)

i I- where 7 and s, are tho hydrostatic tension
- and doviatoric stress respectively, c

1 
ij the

-4 deviatoric strain, •, is the cubical dilatation
and the effective mass pt;. unit area to and K,, K2, g , G0, play the came role as the

bulk modulus and shear modulus in elasticity,

From Eq. (46) quantities analogous to E and

(0)2 (41) can be derived, so that relations of the type I
where (4,.'W,) is defined in Eq. (38). (2i'. ( 1,-2'.) IdI + 

2
G*:• (41)

Where
It is knoawn from the correspondence prin- .

Cipie that .he solution for the viscoelastic shell ) (48)
can be gottea from tho solution for the associ- E' a- (. El(,-,') ()
ated elastic problem by (a) replacing el° in G s(-l * iG2,.l)
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cmii be formed. From the correspondence be- using a digital computer with a complex writh-
twfen the structure of Eqs. (47) and (48), and metic capability, such as the 113M 1040 used
the usual Hooks's law for elastic bodies, It can during this research, and will niot be discussed
b. soon thAt transformation from eRastic con- further.
sbunjts to VI-NOCIstle comntant's can actually be
made merely by miakiing the substitutions

NUMERICAL EXAMPLES

2 As can We seen from Fig. 4 a shell ofG G ti G radius 10 In. wan used with an L/R of three for
and moot canoe although values as low an L',R ol 1/2

- L~ kwere considered for a few citsen. Five cross
in al te rluvnt quahonn inparicuarEq. section geometries with a radluo/thlicness
In el th rolvantewutlow In uticlarEq. ratio of e-ither 2B or 50 wojre choteih as hw

(17) must be changed to tho form, and all sub- in Fig. 5. In each case the "elastic" layers are
seqen eqatons such as Eqs. (21), (33) (34) aluminum and the viscoelastic: layers are madec

- I reflect this chang. Theo frequency equation will I - Lord LD-400, a butyl rubber. Material ot,-a)-
take the form erties are etjowi itt Table 1. Calculation Will

cohw that thesa prop. ties 'X'rrespond to Qlan-
M16O+ 1IR 4 c.p4 f 4 (W.) # LRW~f 2((b) 10 1.C?') o tic behavior in dilatation, and viecoalastic be-

(49) havior In @hear. It will also be noted that all
cross sections hitve the earns total weight.

where (As to& SkI ;, contain real geometric
quatatlies and the complex vlscoelaolic con-
stants r' 0, W '9, which are functions of the
complex froquency cW.

In principle, Eq. (40) can be solved. for its
roots, by an iterative technique. It is more
common to make a simplifying assumption such7

*~an (a) the damping Is Iliht, that l1,s 6 . and
0' , W - are Wr-11aeyconstant. I h

"Tartca 'Ns W-1t v I befomd that t he damocd nat- ' .- L
ural frequencies are the same as the undamped
natural frequencep ies, that n w Because 10 KON

th ,are linovn, Eq. (49) con be used imme- ~*I
diately to find the decay rate 6 . In the second .

and Eq. can Ie solved as an ordinary cubiclge.Eaoirgooi
equai~ton.

The second approach Its usod In this Inved-.
5 tigation. This is Juntified on the basis that the The construction of each shell has been

maoat intereeting design range is in the vicinity coded ill the following format: Len tir It Id L,
j of the Slues transition temperature where tihe or Xi cross section number a8 ct~oir, where

entergy absorption Is relaitively high svid the ii, M, or L'019-Who `Wtkbettfns 0 thevisco-I ratees oZ chang of material propcrtlee are small. elastic muateria~l (Table 1), X indicates tHie ab-
Gence. oi a viacoelaotic layer, the cross afttion

Frow. the frequency w, and the decay ratte b nusubers are ,ahwWE in Fig. 5, and the lons fac-
it will be possible to compute the loso factor tor Is the lose factor of tWe vlscoeinstic layer

7t26/w, theo logarithmic decrement A 2yrs/,,. in shear. Fo'- example, 30f.3 (0. 1) is a three-
t~ho critical damping ratio c/c0  SA.., or oi.; layar eandwich shell with L 30 In., miade of a
common measures of the damping capaoltv medium stiffness viecoeilantic material, awli

with a loss factor in shear of 0.1.
The expreooolen for n- ural frzquenclea.

docay Ratoel, racepta~aue, sitff'.i-As ooeffielents, Results for Axisymmatric Impulnive Loadh
=Wd zo loitli axe too complicated for closed
form avnulkukicg. liowio' r, their otierical Trhe We"poase to tile 3xieynimetric im-
evaluation in relatively ..traightforward when pulsive load was evaluated for each of the ahcell

IS
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TABLE 1

Material Properties

Aluminum

,Q ... ., , , , .

Young's modulus, E 10.6 x 106 psi
loss factor, &a 0.001

Shear modulus, 0 4.1 x 106 pI~

loss factor, •= 0.001
Poisson's ratio, R" 0.30

Weight density 0.100 p Wi

Viscoelastic Material

Young's modulus, E.......(Material D) 10 x 10i psi

S....(Materialua) lOx 10' psi

S....(Material L) 10 x 10 psi
loss factor, ,, 0.536, 0.437, 0.240,

0.063, 0.001IShear modulus, G.........(Material n) 4 x 106 psi

.. . . . . . . . . .. . . . . . . . . ..........(M aterial M) 4 X 10 3 psi

.............................. (Material L) 4 XlO 0 psi
loss factor, '72 1.00, 0.6, 0.3, 0.1, 0.001

Poisson's ratio, I0I 0.29

Weight density 0.0333 pci

at two times -- one-fourth and ten •.imes the (Xl) of the same cr-oss section weight has a
period of •he fundamental mode which in this smaller respons~e at t.= T/4 than any of the

Scase is always the m : 1 mode. From Figs. 6 layer shells. hut, at a lae~r time, t a 1ST the
Sand 7 it can be seen that the shells with stiffer viscoelastic layered shells h.ve cons/derably

viscoelastic layers ( shells) and the shorter smaller responses thal the alminm shell.

shel (5M.) are affected by the viscoeisPtic

damping more than c~re the softer or longer This confrms the usual muppogUtio that
shells. However, the reductions in peak re- damping is of little importance in cha.g4ng the

pose are so small thad an all-alumium. shell peak response to X1 sin impulsive load. However,

. ( 131
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S"•.LOSS FACTOR Of V ISCOELA$1IC LAYER

Fig. 6. lmptilsive response at t 1/4 period

t . •. -

0 .8O 0

1.0- kw 0.2

1.04 2 04 0, 0.8 i
•. lOSS rAr.•Oe• OF VSCOnlAStIC LAYtA• • • 4

C. S~flLLDIGON.T iN.

Fig. 7. Impulsive responseFi..Dapnefeiees

at C 0 peiodsfor an impulsive load

)0.

the significant deeremse in response at t l0T Results for Axisymmetric

suggests that viscoelastic damping might be Harmonic Load
considered for increaSing fatigue lIfe or lessen- .
ing the responoe to a series of shocks. The admittance for an axisymmetric har-

montc load on the all-aluminum (30 x 1) shell
The damping effectiveness for different is shown In Fig. 9. The most striking feature

length Shells is shown In Fig. 8. The large in- is the enormous magnification in response at
"crease in damping effectiveness with shorter the natural frequencies. This is also true for

lengths Is primarily a result of the greater the three-layer sandwich shell (30M3) shown in
amounts of bending (and shearIng) associated Fig. 10. However, as can be seen from the
with these lengths. It will be noticed in the fol- curves for 30M3 (1.0) on Figs. 10 and 11 and
lowing discussion of the other loads that the from the curve for 30M3(0.1), Fig. 12, theseSratio of bending energy to stretching energy, in peaks can be lessened or eliminated by the ad-

each mode, is of great Importance in determin- dition of damping. This is also true for the
S Ing the damping effittvenese in those other externally coated shell (S0M2) and the five-

ituations, too. latyer sandwich (30M4I) as is shown in Fig. 13.
As a result both the peak response and the re-

It can be seen from the curves for 30H2 sponse to a broadband (or random) load are
and 30113 that somewhat greater effectiveness decreased to below the response ior the alumi-
can be gotten even In those modes that are pre- num Ahell (30 x 1). Because broadband loads
dominantly stretching by using stiffer viseco- are difficult to avoid and although it Is generally
elastle materials, even If they have lower loss unnecessary to operate a system at a natural
factors than the softer materials, freqaency, the results shown in Fig. 14 are more
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Sth~an a comparison of peak admnittances would critical damping r c0 is stated for each of the
tgive, modes shown. Because the lowest frequency

ID"4

belongs to a mode for which bending predomi-

The higher response of the internally nates, the addition of viscoelastic layers is

damped constructions (30M3, 30M4) compared particularly effective over the frequency range

with the externally damnped constructions (30M2, investigated, 0-500 Hz, as is shown in Figs. 16

30M5) is apparently a result of shear deflection, and 17l.

Results for Non1ymmetric CONCLUSIONS
s Harmonic Load

f 
The investigation of the dynamic response

t The higher damping associated with modes of viscoelasticly damped shells led to the fol-

b 
in which bending predominates, is shown clearly lowing conclusions:

The h
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Fig. 13. Admittance for Fig. 14. Admittance for broad-
axicynmuetric load, shells band axivymmetric load
30M2 and 30M4

0.00 ... 044 0. (.3 Ol qz

0.4I-

400 m NUMBER OF
o RITCAL CIR LONGITUDINAL

DAMPING RATIO HALF WAVES

0 1 2 4 6 8 10
n - NUMBER OW COMPLETE HOOP WAVES

Fig. 15. Frequencies and damping
ratios, shell 30M) (1.0)

1. The dynamic .esponse of viscoelantl- cross section by summing to find the appropri-
cally damped shell. to periodic or transient ate correction factor as in a Timnshenko beam
loading cart be found by solving an associated formulation.
elasitic problem an transforming the solution
by the subetitution of complex viscoelastic 3. Complete correspondence between the
constants. viscoelastic shell and an associated elastic

2shell will usually exist only for shells with
2. The transverse shear deflections can sinusoidal mode shapes. A useful degree of cor-

be taken into account for a general multilayered respondence will exist for akmost all shells.
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1012

Fig. 16. Admittance for

nonoynmnetric harmonic t .-)

W.0

0~~• t0.. 061.0

V. LOSS FACTOR Of VISCOILASIC LAYER

Fig. 17. Admittance for broadband
nonsymmetric load

4. Numerical evaluation of the shell re- can be made by comparing the root-mean-
sponse is straightforward using a computer square values of the different responses.
with. a Coaplupx arithmeci-c CW-aili',

h da l9. Constrained and unconstrained layer
smaldampin g vin o des tat aile treatments show about the same effectiveness.produce only small damping in modes that are

predominantly extensional, but can produce
significant damping in predominantly bending ACKNOWLEDGMENTS
modes.
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DISCUSSION

Y. K. Liu (Uni!. of U ici,: I am curious associated elastic problem. The time can be
about the dynamic correspondence principle, transformed out of the problem under certi•n
Could you briefly summarize why it is valid? conditions and, if that is true, then the stresnes

and displacements will be the same, both in the
Mr. Fitzgerald: The general correspord- elastic and in the viscoelastic problem. In the

ence principle is given by Blot. Essentially, it case of harmonic motion the transform Is trivial
says that under certain conditions the visco- because It turns out it would just be necessary
elastic response is either the Fourier transform to substitute the complex modulus for the
or the Laplace transform of the response of an real modulus.
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DAMPING OF MULTISPAN STRUCTURES BY

MEANS OF VISCOELASTIC LINKS
1,

David 1. G. Jones
Air Force Materials Laboratory

Wright-Patterson Air Force Dase, Ohio

In this paper, a normal mode analysis is presented for the response of
a typical multispan skin stringer structure having viscoelastic links
connecting points on the skin to points on beams joining the frames. It
is shown that certain conditions arise for which no damping is intro-
duced into the structure and others for which relatively high damping

occurs. An example is given.

INTRODUCTION NOMENCLATURE

Many structures that are subject to vibra- A See Eq. (17)
tional problems contain within them elements

. that are parallel or nearly so, Examples are: An See Eq. (16)
(a) Commercial aircraft fuselage, where the
trim in the passenger area is essentially paral- ni See Eq. (18)
lel to the outer skin and is Separated from it
by the frames, and (b) control surface aid wing D EhJ/12 ( i - 02); flexural rigidity of skin
structures, where the upper and lower skins
are separated by bulkheads. In such structures E Young's modulus of skin material
the vibrational characteribtics of the parallel
elements are often different and the proper use Lb Young's modulus of beam material
of viscoelastic links joining antinodal points of
the parallel surfaces can lead to introduction of fm irth normal mode of beam
significant amounts of damping into the struc-
ture at the expense of very lIttle -added weight. .'j Forte tranumitted to skin by link at

location (x,, Y,)
In this paper, a normal mode analysis is

developed for the response of a typical multi- L Thickness of skin
span skin stringer structure having the frames
joined across each bay by beams and with each i
beam joined to the skin by a viscoelastic link.
This idaelized representation of what might be 1b Second moment of area of beami cross
done in a real structure is examined with ref- section
erence to a specific example., and it is shown
that a significant reduction of the response j Number of spans of structure
level can be achieved by proper choice of link
and beam stiffness, provided that a natural fre- J Total number of spans
quncy of a beam is not identical to (or close
to) any natural frequency of the structure. In k Stiffness of link
thiG cas•, it is shown that no damping can be
achlived and that an optimum value oi the link Breadth of structure between frames
stiffno~ss exists for which the response is a
minimum. L Length of each span between stringers
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m Mode number for beam n. Circular frequency

n Mode number of structure ., Fundamental frequency of structure

V4 Total number of modes in first band Wb Fundamental frequency of beam

P(x.y) Amplitude of loading on akin nth naturol frequency of undamped
structure

Q AmplificatioU factor
V4 Bilharmuonic operator

s See Eq. (11)

t Time ANALYM

Ib(Y) Amplitude of trans~erse displacement of Consider a multiepan skin stringer struc-
beam ture of the typo iliuntrated in Fig. 1. One of the

simplest possible means of introducing visco-
W(x. y) Amplitude of transverse displacement of elastic link damping into the system is by Join-

ow/n Ing the frames across the center of each panel
by identical clamped-clampeau beams. The cen-

,t Station on skin parallel to frame ters of each beam are then joined to the skin by
identical links as in Fig. 1.

x1 Station of link in j th span

y Station on skin normal to frame EAM

1 Staion of link In jth span VSOLTI

See Eq. (6)
ke Eq. (6)

r Link stiffness parameter

8 Dirac delta function

n Los factor of link

X\ Ratio of beam fundamental frequency to
structure fundamental frequency T

Fir, 1. Typical structure geometry :

Mb Linear density of beam (mass per unit
length)

v Poieeonse ratio of skin material Equation of Motion of the l3am
"C1 - frequency pConsider the jth beam, crossing the ith

Da span of the structure. Let Wb(y) exp( i,,r) be

L 4• L/D)1/4 the transverse displacement of the beam. Let
the link be at the point (x , y ), and let W(xy)
exp (iot) be the transverse displacement of the

•'bm (0%~ c'bi'4/Ib)' ski., Then the equation of motion of the beami

b(b -' .+ 
4
/Zb1b)"' is

p Density of skin material Rb!b(dW/dy) . ,
-k(li i7?)(Wbt-W) 8(y.-y). (1)

4 1bt/L - mass parameter li

on nth normal mode of undamped structure We now expand the response of the beam as a
series of beam normal modes fr(y;(), which

X See Eq, (19) satisfy the homogeneous equation:
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d •f ~ A the total system. "lot & tO/b ho the ratio
d I f" o (2) of the beam fundamental frequency to the on-

dY4 44 damped structure fundamental frequency. Lot
o -- -,tL. be tMe ra.tio of the iwmas of a beam

where the 1b6 are the elgenvalues of a clamped- to the mass of a panel. Let f (pwt3 V;D) 1/4

clamped beam [1]. Putting Eq. (2) into Eq. (1), be the first olgenvaluo of the undamped 'ildny
solving in the usual manner and neglecting all stringer panel system and let f" - kI./4.i 50 a
terms apart from the fundamental, we get measure of the ratio of the link stiffness to the

structure stiffness. Then, after some rear-

(k03E.,blb)(1 I i') i 1W(x) yj fy I(Yj t) rangement, F- can be writtenWI A,, 4 (3)
• b t •'b•~~~A + (kt'•i blb) ( I i'?)'• k.11)) | (.-,)•\ W x~F, - 4 ' ()

where j a I) (I il)

1& - f 1 (4) A number of interesting facts may be noted di-
rertly from -m examinAtlon of Eq (0). F rep-

/Ior resewtu both the damping and stiffening effects
"2• (Yj't f2 d(. y,) (5) of the link. It is seen that F1 0 whenever

A -- r _ o. If, at the same time e= f,
where n is the ,nth mode of the structure, we

and see that this implies wlb t "•, that iS, the beam
fundamental frequency is equal to the nth natu-
ral frequency of the structure. Whenever this

f, (y/I) d(y/4) (6) is the ca•e, the links have nO eftect whatsoever
and no damping iu introduocd at all. Graphs of
the amplification factor of the system against

For the particular case of a clamped-clamped the parameter X will therefore have singulari-
beam with y,/t - o. 5, f•(1!2) = t, ties at these points. Equation (8) also shows

that the maximum value of F, ti
f0 f =(Yit) cl(yl') :0.397f 1 ( 'f ,'C . 9 (F ) -k( i~ T12) W(xi -YO (9)

so that a, ,/3, : 2.519 and SQ 1 -So [1]. The
reason for retaining only the first term in the
series for Wb is that we shall generally be con- Equation of Motion of the Sructure

fining attention to the ese when the higher
beam modes have frequencies well above those with a tion o m oto f the st e
of primary interest with respect to the response w allowance made for the isolated loads F

of the main panel system. The higher order
torna•ae be"-.y r-tstin.-.n, if the need -risne,
*.but the term 4 in the denom inator will insure -W 0 W S W( x . Y i x - x% ý( -Y )
their irrelevance to the present analysis. L

Force Transmitted to Skin P(xy) (10)

of Structure where

The force F1 transmitted back to the akin
at the point (xi, yi) by the link is - k( + I - (4/r 1)4/&21

)4-K + (a 1ft,
2 

) (1 4) +

SF j k(I+ i,) [WIxR,y - Wt,( xj . Y- j

k(•An approximate solution to Eq. (10) has already
Sk( 1 t iA

4 
)(6b -b4) W(xj yj been derived (2] for the case where the points

(k42 - WI/ b) i TO (xj. y,) are located at the centers of the panels.
t *b b * This solution is

after some simplification. It is convenient at N (PnL
4
'D) /,'n(X,/L.Y/t)

this point to introduce some of the nondimen- w ..~ - (12)
saonal parcamaeters that govern the response of 4, - SA,, ,D
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where 4,, to the nih nkode of the undamped striu¢- where

tare, I. It the nth elgenvalue of the uldamped
Iytucturi', and A e(_+ I + ,1_) (17)

P(•. y) •. (xL.y//) d(x/L) d(y..) _ - 2 (10)

PT1,f(13) 3r 4- 1

fP" ' n2 (X&. y/4) d(".,) d(y/4) a, n

L • •(19)
'" •(14) '

^": .l £,( .)'rypical grtoph of ,vr and ,r/, againt o•o •(/L~y/{) d~]Lare shown In Figs. 2 and! 3. The solution of Eq.
Wo ~(16) to oltr~ihtforwitd. For a given structure,

Ftnally, with kinOWlt mod~es, anxd for giveni excitation P,
the P,, mWl the A_ are calculated. For each

value of el, wit6n the frequency range of in-
D , .P .(X. .. y/-) -xp(ict) terest, x in calulated and A and B derived
__ /'A from Eqs. (17) and (10). The elgonvaluee C. of
L- ., rA.(I I1)(,' - a typical skin stringer atructuro usually fiall

-1 f4rG 1 ,j.x')( , within an octave band of frequency or less. The
("- 16){ •fundamental made 0,, with frequenuy wea, Is

often known as the stringer torsion mode and
" N , .... . "f -- t)- forms the lower bound of the band. The number

~ '... . I t(16) of modes N to usually equal to the number of
I -n f4 + (A+ 1D) spans 3 oad the jth mode, with frequency w,,

_ .00.5

08

-a ~*ILI, i:. . -~VAL.UES Of X~

I .L-, U,

Fig. Z. Graph of A/r againet x 5
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Fig. 3. Graph or Wi', asak•-x

forming the upper bound is often referred to as - .0.255[((,4 - 64 + 4A) - 4iB]
the stringer bending mode. The second modal 2(i

4 
_ •4 , 4A)+ 16B2

frequency ,b of the beam must lie well above
-j for the present analysis to be valid. Other- 0.6181(187 4- F4 t 4.13A) - 4.13tD]
wise, terms involving f 3 and so forth, must (187.4- f4 + 4.13A)l + (4.13B)2
be added into Eq. (16). This Is not difficult but(
makes the equAtion far more cumbersome. 1.647[(428.6- C4,4.79A) - 4.79] )
Therefore this particular matter will not be (428.6- .6-t 4.79A)2 + (4.79B)2 0)
pursued further. which znay be evaluated numerically for givenk and I over a range of values of the frequency

parameter e2. Typical graphs of ,,1)1Wi,'4pL4
EXAMPLE against f 2 are shown In Figs. 4 to 0.

It ie senh fronm thel-e u-dce, that for cach -
To demonstrate the damping that can be . a definite val,j of r exstus for whtch the out-

achieved by momes of vlocoelastic linka in inul- put level ir incinmi-id- If we let Qý,i be the
tispan structures, it is convenient to consider minw:.,'n value O' the pp nmplification factor
as simple a case as possible. It is particularly a, ; s l.ried., a very groi- neasure of the
convenient to consider an example which has a,.• iunt of d?. tip•ig ,rt . may be obtained
already been examined [2,31 from a somewhlat by I', Q1 . in Fig. 0. It it
different point of view. Consider a five-span -. that h" i dpran• ti a;%n be achieved if \ 6
supported structure in which the length, L, W nt. k. a- ,I bd0t (- aplng can be achieved for
not greater than W/2. Then the nzormnal modes . < 2 1 I IiD&-t , a•-dle. More generally, It
of a multisupported beam may be used to rep- would appear that t, %eam fundamental fre-
resent those of the structure with some accu- quenecy imust be grer._£r than that of the stringer
racy f2]. Let the excitation be a uniform load- bending mode or less than that of the stringer
Ing, P. Then _4 I , 187.4, ý 4 420.6, torsion mode for significant amplitude reduc-
a: 2.519, 0, = at the center of the center span, tions to be attainable.

PtP:(41n)(i0. 255), P Al =O, p /P t- Of.':)

(-0 618), P4 iP =O, Ps/P (4/7)(.1 647), CONCLUSIONSI
A 1 4.000, A,•- 4 13, Ar '4.79. We further let

0.5 and o 4 0. 1. Then the expression of Eq. Analysis has been developed for predicting
(10) can be simplified to the response of multtspan stiuctures with
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DISCUM8ON

K. McConnell (Iowa State Univ): It was which Bishop and Johnson have a whole catalog
not clear to mae whifethr temoe were for the of mode shapes.
plate or for the beam.

Mr. McConnell: Well, did you assume for
Dr. Jones: The modes we assumed In this the beam the first, second., third, fourth?

particular example were for the plate. We as-
sumed an aspect ratio greater than two. I think Dr. Jones: No, I forgot to make this-point.
quite a few previous Investigations have shown In the analysis, we assumed that the scond
that where the stringers are of very low stiff- mode of the beam was Irrelevant becauA* theI
ness in torsion, one can approximate the modes link was at the center In this particular exam-
by this case. Of course this wan purely an ii- ple. One would have to consider It in a more
lustration and,f or any particular problem, one general casee. The third mode is approuimately
must take the appropriate modies. It would be a six times as high In frequency as the first. -

good deal more than three modes. Therefore, in this particular problem it wvsu
outside the frequency rawg of interest. In

Mr. McConnell: What modes did you as- general, of course, it has to be incorporated.
sume for the beam then? 4

Mr. McConnell: So you used just the first
Dr. Jones: The standard ones that are mode.

available in Bishop and Johnson, for example.

We assumed a claniped-clamped beam for Dr. Jones: In this particular examples, yes.
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DAMPING MEASUREMENTS ON SOFT VISCOELASTIC

MATERIALS USING A TUNED DAMPER TECHNIQUE

C. M. Cannon and A. D. Nashif
University of Dayton

Dayton, Ohio

and

D. I. G. Jones I
Air Force Materials Laboratory

Wright-Patterson Air Force Blase, Ohio

A variation of the classical resonance technique for measuring the damping properties of
soft viscoelastic materials in tension-compression is described. It is shown that, from
the measured amplification factor at resonance and the resonant frequency, the Young's
modulus and loss factor of a material are easily derived. An error analysis was also
performed to show the effects of measuring errors on the computed properties. Thisanalysis shows that measuring errors in the am~plification factor and resonant frequency

do not have large effects on the computed properties. It is also fhown that the error in
the loss factor calculated from measured phase angles, owing to errors in phase meas- C
urement, becomes significant at and below the natural frequency of the system.

To demonstrate the effectiveness of this technique, a relatively stiff elastomer was se-
lected so that reliable test results could be obtained by both this technique and the Brulel
and Kjaer apparatus. Good agreement is demonstrated. It is concluded that the reso-
nance technique is capable of measuring the damping properties of very soft viscoelastic
materials (Young's modulus less than 1000 lb/in.2 ) and is comp.i.ementary to the Br~iel
and Kjaer technique (Young's modulus greater than 1000 lb/in.a).

The effects of specimen geometry on the measured elastic modulus are also investigated
and described.

INTRODUCTION viscoelastic-link system. These techniques
suffer fronm the necessity oi obtaining phase

Many techniques have been used to deter- measurements of the required accuracy, which .

mine the complex stiffness characteristics of is generally difficult to achieve without sophis-
viscoelastic materials. Each technique has its ticated instrumentation. If, however, one Is
own particular advantages and disadvantages, prepared to accept the slight inconvenience of
For example, the well-known Brilel and Kjaer making a variable-mass/viscoelastic-link sys-
cantilever beam technique I)] can be used to ten, and repeating forced vibration tests for
measure accurately the complex Young's mod- several masses so as to cover a wide range of
ulus of stiff viscoelastic materials only (usually resonant frequencies, the need for phase meas-
E a 10' lb/in'), resulting primarily from a se- urement is completely eliminated.
rious effect of errors in measurement on the
calculated results for soft materials. For stiff
materials, the effect of these errors on the -ýl- The present paper describes such a tech-
culated results is small. The Fitzgerald tech- nique in which cylindrical specimens of a soft
nique is useful for low frequencies only. Sev- viscoelastic material are joined on one flat
oral currently used techniques 12) depend on surface to a variable mass and on the other to

phase-angle measurements in a fixed-mass/ a vibrating shaker table.
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NOMENCLATURE Pol Density of Paracril-DJ (slug/in.")

A Amplification factor at resonance 0,1 Normal stress in 1-direction

b Width of cantilever specimen in B & l ol Normal stress in 2-direction
technique

x• Nornmal etress in 3-direction
dq Difference between measured and actual

loss factor r Thickness of material (in.)

0 Difference between measured and actual 4- Phase lag between rosponse of iases M
phase angle and shaker table (radians)

d Diameter of cylindrical specimen Circular frequency (rad/sec)
E Real part of Yokng's moduhie of viseco- AA Fractional error in A

elastic material (lb/in.3 )
m iE Fractional error in E

f Frequency (Hz)
67 Fractional error in 71

hA^ Thickness of aluminum beanm in B & K
technique (in.) 6, Fractional error in o

-ha Thickness of one Paracrll-BJ layer in 6W Fractional error in
D-- K-technique

L Length of cantilever specimen in B & K ANALYSIS
technique

Consider an idealized tuned damper as
m Tuning mass (slugs) shown in Fig. 1. Let the net mass be M, the

area of the material cross section S, the mate-
r Radius of cylindrical specimen rial thickness r, and the complex Young's mod-

ulus E(1 + i1,). Let the shaker table be excited
S Area of material cross section (in. 2 ) harmonically with amplitude x and let the re-

sponse of the mass M be y = Y exp(iiwt). Then
t Time (see) the equation of motion is

X Amplitude of shaker table displacement d (y IE(in,) 5dt
2 + I # i)(Y-X) -p(it) 0

X Am..p!tude of shaker table acceleration(6's) or

Response of mass M (in.) [-,, O (r, i,0 Y US (1.+ ill)X. (2)

• Amplitude of acceleration of mass m (g's) Therefore

Strain in 1-direction
Y Y I + ir7 -- f + 'l _ (3)

S Strain in 2-direction ,X I + in -* NinA/ZS 14 n-9

O Strain in 3-direction whtere

,] Loss factor of viscoelastic material 62:•'-- (4)
Poleson's ratio ES

f Frequency parameter and v and X are the output and input accelera-
tions, respectively, and can be measured by

p• Density of aluminum (slug/in.3 ) suitable accelerometers.
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S~PC•KUP ERROR MAGNIFICATIONS =-

-'-ACCELEROME TER

TUNING L Whenever the characteristics of a material
WEIGHT'- or' syetom are not ineasured directly, but are !

SPECIMENcalculated from other measurements, the ques-
t• SPECIMENtion of the effect of errors in these measure--__Sments on the calculated characteristics must be

considered. In this particular instance, one

IMPEoANCE must conoider the effect of errors In measuring
HEAD _ the resonant frequency .,., the amplification fac-

tor A, and the phase anglo ,, Each of those
will now be considered in turn.

SI(AKXR INPUT

Error in
Fig. 1. Sketch of
oxpertmental getui• Let the measured resonant frequency

..c(1 4 A.) where w is the true resonant frequency
and .A. i thie fractional error. Thus, from Eq.
(6), if _o -" 1, the measured value E' ef the

At resonance 6 z i, provided that E and Y Young's modulus is E' = (MMw2'S)(14 2A,). Let
are not strong functions of frequency, and the AF m (E' - E)/E be the fractional error in E.
resonant amplification factor A becomes, from Then
E.q. (3),

AL&.- (=)

A'- y so that a certain fractional error int will give
n hrise to twice that error in E.

Therefore

,I -- • (5) Error In A

Let the measured amplification factor be
The condition 41 1 for resonance gives, if . is A( I + AA) where A is the true amplification fac-
known, tor and AA is the fractional error. Thus, from

Eq. (5), the measured value 7' of the loss fac-
E - M-..,=S (0) tor is, if AA 1.

so that both E and ) are readily obtained from I
measured values of A and r n we' 4A:'•(1. 2^A,)-i

Ani alternative relationcildt betwoon ,. qjnd

the lagging phase ae- between the output Y 1 A' AA (A' - 1)
and tile input X mr erived fron Eq. (3), A - 1)'
namely

Let n, - ( - .O ,• be the fractional error
(_ 1 - - ,4 (3) in ,i. Then

A\, AA - A2 (A2- 1) (10)
so that

tai ,;2 (11)

by Eq. (5). The effects of errors are not mag-
Equation (8) gives a comparatively simple rela- nified for small ,,.
tionship between I, and the phase angle ,t . Ilow-
ever, it will be noted that small errors in Error In .
measuring ,/, will have serious effects on the
calculated value of -i whenever tile frequency The error in .: owing to a measurement er-
is well below resonance or at the natural ror in t, can be determined by taking the deriy-
frequency. ative of Eq. (8). Thus,

1,53-



rti+ 9-1DAMP11iG ME&SUREMENT
- -__--I di- PR.OCEDURE

If the Mass M cal be changed, the resonantor frequency can also be changed and ,n and R cal-
culated from measured value of A and -. , as

, 1 + 1i - 0 )- 21)'d functions of frequency.

(0- 9 )2 " -' J A technique for determining E and I for
Therefore soft viscoelastic materials is therefore pos08-

ble, using cylindrical material specimens with
adjustable masses attached at the free end and

d,_ (I +, •2. (12) with the other end attached to a vibrating shaker
"4(1 - 7 '1) table. The advantage of the technique is that no

phase-angle measurements are involved at any
or time. Decause accurate piace measurements

can be made only with the most dophistteated
id,•[j (I (,-•) 4 , I electronic instrumentation, this potential source

- •.•---•-•o • of difficulty is totally avoided. However, ampli-
flication factor and natural frequency measure-

Graphe of IdndtI against • for various values merts using accelerometers are relatively easy
of 7 are shown in Fig. 2. From these graphs it to make, although some difficulty may be en-
can be seen that, especially for higher loss fac- countered in determining A and e.. when the loss
to•e, meoauring errors in 4, rapidly become factor n is large and resonant peaks are low
terious at frequencies below resonance. and wide.

The experimental procedure involves (a) the
o so preparation of a specimen with suitable mass M,

.. o, thickness 7-, and area S, (b) the measurement
of the response amplitude V as a function of

to - ro - frequency by means of an accelerometer, for
go- 60, given shaker table Input 9, (c) the determina-

tion of the amplification factor A at the reso-
50so 5o nance frequency -, and (d) the use of Eq. (5)

".40 ~ and (0) to determine 7) and E, respectively.,0 -•Tests are carried out over the entire tempera-
0 - so- ture range of interest and the mass M and/or

the dimensions of the specimen are then changed
to get results at different frequencies. Finally,

t o. graphs of E and j against frequency are plotted
' Ijlo vr0lu o' oat :eao a u rea.*

: 0o 'to -0 so - .,o EXPERIMENTAL DEMONSTRtATION

0o .70 Effects of Specimen Geometry
60 so on Calculated Modulus

;t 0 -*5 During the prelim~inary experimental Invest-
tigations, specimens were used with radius-to-

S40 height ratios of 0.125, 0.290, 0.325, 0.600, 0.780,
30 0o 1.186, 1.975, and 2.425. Apart from the specl-

o 0mens with a radius-to-height ratio of less than•L 0.5 the calculated values of Young's modulus
, 10 were higher than expected; that Is, they were

00 L higher than those determined using the Drlel
00.4 Q1 to 0o o04 06 ' , o and Kiaer technique.

Fig. Z. Graphe of Idi,/d11 against This phenomenon may be accounted for in
frequency parameter, 6 terms of the state of stress in the opecimen.
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Tilennalysis hI this paper nesumes n etate of The expertenitally determined valueso 5, -o ,
planatosires. This assumption is valid oonly for using the equations dvelopd in this papert, ae
specimens whose heights are large comparedi always equivalent to 9 !. The values of •, 1
to their radii. In this case, taking the longi- then lie somewhore between the true You-g's
tudinal axis of the specimen as the 3-axis, it modulus and the bulk h'odulus, fts neither s
is easily shown (3 1 that a,= Ec,, ,= 0, and state of plane streis not of plane strain actually
oa :0, where ( is the strain in the longitudinal existe.
direction, and 1, 2. j are axes In a three-
uimensional, orthogonal coordinate system. On To determine R spcimen sizo that will
the other hand, for specimens whose height-to-
radius ratios are small, the assumption of a yield results thMt can be nknbiguoumly Inter-state of plane strain th more assumptio For proted in terms of either the Young's modulus
this case, Poieson'. ratio effects must be taken or the bulk modulus, it was necessary to con-
into account and it can be shown [4J that duct preliminary experiments in which E,*

was determined for specimens of various
radius-to-height ratios. Typical results for

E (1- 2i')(1 Paracril-DJ with 60 PIRI SAF carbon areEt ~ shwn in Figs. 3 and 4. It is seen that for low

radius-to-height ratios the values of E, f tendIn this case as effective observed modulus E. to flatten indicating a range of values of the
can be radiua-to-height ratio over which E.(F Is es-

( 1- sentially equal to E.
(I~ :( - 2v,)(it+ i,)

Such tests must noceSarily be conducted
so that 03 -- %!£ff. for ewh. rterip.! to choose acceptable speel-

men sizes. In this case, the 1/2-in. diameterIn the case of plane stress, Ef is the by 1/2-in, high specimen was chosen. The re-

same as Young's modulus of the material suits obtained from this size specimen agreed
whereas In the case of plane strain, 9e,( is quite well with those for the BrUsel and Kjaer
equivalent to the bulk modulus of the material, technique.

0

•O• ..- " - -

0 1. eho1•'t I'&&L

0 o.604 K I* 4i'ý
a o.7*M~n I
4 0.4?0M' •I.7'V'

00 0,0l M t .0*

FR5OUENCY (IhI

Fig. 3. Graph of experimem.,ally measured values of
effic ctive Young's nmodulus against frequency
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Fig. 4. Graph of ratio of effective Young's modulus
to Young'a. modulus against diameter-to-height ratio
of specimen

Effects of 'emperature and Frequency through 8. Cross plots of - and 7) against tem-
perature for a frequency of 500 Hz are shown in

To verify the general accuracy and effec- Fig. 9.
tivenese of the tuned damper measurement
technique, tests were carried out on simple For the sake of comparison, data previ-
cylindrical specimens of a particular elasto- ously taken on aluminum beams, coated on both
mer (Paracril-BJ with 50 parts per hundred sides with equal thicknesses of the same elas-
super abrasive carbon black) for which accu- tomer as in Fig. 10, and excited as a cantilever
rate measurements of E and r had already been beam in a complex modulus apparatus [ 1j are
made using a cantilever beam technique I1. included. The results are given in Table 4.
The specimen dimensions were a 0.5-in. diam- Measured values of E anti , are plotted against
eter by a 0.5-in. depth. In accordance with ele- frequency in Figs. 5 through 8.
mentary spring theory, one-third of the mass
of the viscoelastic element was added to the
nominal mass of the added weight and acceler- CONCLUSIONS
cmeter to give the true mass M. Tests were
carried out at various masses M, input accel- An analysis has been developed to describe
erations R, and temperatures for the speci- the dynamic response of a variable-mass/
inens and the results aro given in Tables 1 and viscoelastic-link system in tension-compression.
2. For the given values of M, T, and S, • and This analysis shows that the Young's modulus
E were calculated from the measured values of and loss factor of a visecelastic material are
A and w. Both E and 71 were found, as seen in easily determined from frequency and ampli-
Table 3, to be independent of strain for low in- tude measurements at resonance. The analysis
put accelerations. This Is the linear region for also showed that there is a simple relationship
the material, and measuremp.nts in this range between the loss factor and phase lag between
only were used for comparison with the canti- the input and output.
lever beam test results. To determine the effects of amplitude, fre-

Graphs of E and 7 against frequency for quency, and phase measurement errors on the
various temperatures are shown in Figs. 5 calculated properties, an error analysis was
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TABLE I
Experimental Values of Loss Factor and Young's Modulus for
Paracril-BJ With 50 Parts SAF C for a 1/2-in. Diameter, 1/2-in.
High Cylindrical Specimen Using the Tuned Damper Techniquea

Temnp M f~ Output A~
°F (gn) (Hz) (g) (psi)

50 63.5 400 2.4 2.4 0.460 6.00 X 103

132.0 274 2.55 2,55 0.426 5.70 x10 3

268.5 185 2.70 2.70 0.400 5.25 X 103

110 63.5 310 5.0 5.0 0.204 3.50 X 10 3

132.0 207 5.1 5.1 0.200 3.25 xJ10•
268.5 133 4.9 4.9 0.207 2.70 x 10 3

132 63.5 286 5.7 5.7 0.178 2.98 X 10 3
132.0 194 5.6 5.6 0.182 2.86 X 10 3

268.5 125 5.1 5.1 0.200 2.70x I03

161 63.5 274 5.95 5.95 0.171 2.74 X 103

132.0 175 5.3 5.3 0.192 2.34 x 103
1268.5 116 5.1 5.1 0.200 ?.08 X 10 3

alnput I g.

TABLE 2
Experimental Values of Loss Factor and Young's Modulus for
Paracril-BJ with 50 Parts SAF C for Three 1/2-in. Diameter,
1/2-in, High Cylindrical Specimens Joined in Parallel Using
the Tuned Damper Techniquea

Temp 3 M _ _ utt A __1 E
(F_(gin) (Hz) I g) (psi)

50 102.6 596 1.90 1.90 0,620 6.95 x 103

244.7 363 2.20 2.20 0.510 6.20 X 103

433.2 284 2.15 2.15 0.526 6.73 x 103

711.2 216 2.18 2.18 0.516 6.32 x 103

110 102.6 409 4.42 4.42 0.232 3.28 x 10'

244.7 266 4.8 4.80 0.213 3.31 X 103

433.2 197 4.8 4.80 0.213 3.24 x 103

711.2 150 4.05 4.05 0,255 3.07 x 103

132 102.6 387 5,0 5.0 0.204 2.94 X10 3

244.7 238 4.30 4.3 0.240 2.68 X 103

433.4 185 4.90 4.9 0.207 2.85 x 103

711.2 137 4.10 4.10 0.251 2.57 x 103

161 102.6 363 5.25 5.25 0.194 2.59 x 101
244.7 - - - - -

433.4 171 5.0 5.0 0.204 2.45×10 3

711.2 128 4.10 4.10 0.251 2.43 x 103

anput 1g.
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TABLE 3
Typical Variation of Experimentally Determined Values of Loss
Factor and Young's Modulus With Input Acceleration for a 1/2-In.
Diameter, l/2-in. High Specimen of Paracril-BJ With 50 Parts
SAF Carbona

S Input Output I E
(Hz) (g) (g} I A (psi)

210 0.5 2.6 5.20 0.196 3,33 x 103

207 1.0 5.1 5.10 0,200 3.25 X10 3

202 2.0 8.95 4.97 0.230 3.10X1× 10

to188 5.0 21.7 4.34 0.237 2.67 X 10 3

aTemperature = iiOF, M 13Z.0 gin.

1 0 ..........

TEMPERATURE- 50"F

$MUBOLS

6 • It 186K METHODI
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I01 102 103

FREQUENMCY I Mi I

Fig. S. Graph of experimentally measured values of loss
factor and Young's modulus againtst frequency at 50'F

performed. This analysis showed that for a also conducted to determine a suitable specimen
soft viscoelastic material with a small lose size. This Investigation showed that for cylin-i
factor, the effect of small errars in mea~sured drical specimens with a radiua-to-height ratio
frequzency and amplitude are not serious. of 0.5 or less, Poinsonls ratio effects could be

neglected, The investigation also indicated thatThe analysis showed that small errors in Pisnsrtomyb . rvr ery0f
phase measurement can become quite serious at
and below the resonant frequency of the s~ystem, o.lepriua aeilue.Frrdu,

, to-height ratios of 0.5 or less, the measured
, An investigation of the effects of specimen properties were in good agreement with those

Sgeometry on the weasuredYoungl modulus was obtained using the BrIel and Kjaer technique.
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VISCONLASTIC LAYER

METAL BEAM

VISCOELAStIC LAYER b

Fig. 10. Sketch of metal beam with viscoelastic layers

TABLE 4
Experimental Values of Loss Factor
and Young's Modulus for Paracril-BJ
With 50 Parts SAF C Using the Brdtel
and Kjaer Techniquea

(0F) (___ _ (psi)
TepI (Hfz)

50 72.9 0.397 5.42 X 103

212.3 0.548 7.04 X 10 3

426.3 0.887 8.21 x 103

110 67.2 0.245 2.84 x 103
190.4 0.266 3.15 x 103

374.5 0.286 3.28x 103

618.8 0,320 3.28 x 103

132 66.1 0.239 2.65 x 103

186.5 0.265 2.83 × 103

368.1 0.252 3.01 x 103 I
609.4 0.266 3.07 X 10-1

160 64.6 0.229 2.42 x 10 3

183.4 0.216 2.88 x 10;1

361.9 0.189 3.05 x 103

ahs = 0.0119 in., L = 7 in., p j 0.041 lb/in. 3,

hAj 0.03- in., b = 0.45 in., and PAI = 0.1 lb/in'.
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DISCUSSION

D. S. Nokes (Tufts Univ"): Could you corn- using a slightly different arrangement. Apply a
ment on how this technique would work for a sinusoidal force to the mass instead of to the
material with very high loss factor? For a base, and then at extremely high dissipation
loss factor of the order of 1, can you still factors, you can also use the phase shift be-
measure a resonant frequency? tween the driving force and the response as an

indication of resonance. I have used this tech-
Mr. Cannon: I think It would be rather dif- nique in a highly damped fluid system and it is

ficultbecaase the amplification factors might extremely precise. With the system you have,
tend to be quite low. Once they got down to the there is a 90-degree phase shift it you drive
order of -m 1-1/2 or so, then the amplification with a purely linear system. Because you are
factor could have quite r serious effect on the driving through the material you really do not

calculated results. know what the phase relationships are. This is
why you have such high error penalties.

P, J. Conlisk (Monsanto): Would you care
to comment on the softest material you have Mr. Cannon: We never tried the technique
tested and what success you had? Have you that you suggested. It might be good to look
measured may material with a modulus In the into, though.
range of 100?

Mr. Forkois _(NRL): Have you concerned
Mr. Cannon: I do not think we measured yourself at all with the thermodynamics of the

any material of around 100, but for moduli of material itself? In other words, you said you
around 6O0 or 600 psi the results have been have a 150-degree F external temperature and,
quite good. of course, the material itself may be 50 degrees

higher. How long would it take for the material
Mr. Cordisi What were the loss factors itself to deteriorate as the dampitig is increased?

of those?
Mr. Cannon: You mean just because of the

Mr. Cannon: The loss factor for this ma- heat dissipation w!thin the material as it buildce
terial, a silicone rubber compound, was from up the heat? During the testing I noticed that if
about 0.1 to 0.3. the system is left at resonance for several min-

utes or so, there is very little difference either
Mr. Conlisk: And you had very good In frequency or in the loss factor.

results?
Mr. Forkois: I once embedded thermocou-

Mr. Cannon: Yes. pies in a block of polyurethane and, over a pe-
riod of time, there was quite a temperature rise

Dr. Jones (Air Force Mat. Lab.): I would in the material. I suspect that this can cause
like to add a comment. We have measured some error in determining the damping factor.
properties down to about 150 psi. Charles
wouldn't have kowwn about that because I did it. Mr. Cannon: Yes, it would, but, for mate-

rials that are in a range where the moduli and
K. McConnell (Iowa State Univ.): I was very loss factors are fairly flat or in the rubbery

interested in the penalty curves or error curves region, the effect of even a 5- or 10-degree
using the phase technique. I would like to sug- change within the material would not affect its
gest that you can considerably improve these by proper t ies very much. However, at the glass
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transition temperature where there is a change we would get variations of temperatures of
of slope in the elastic curve and the loss factor maybe A-1/2 degrees. So it was relatively
curve is at its peak, then a several-degree small and as mentioned, one would have to be
'ehange in temperature within the specimen in an extremely sensitive temperature region
would cause a serious effect, particularly If the in terms of the real part of the modulus to at-
material Is quite temperature sensitive. fect the results significantly.

D. Kraft (Univ. of Dayton): In the paper Mr. Brooks (NASA, Lan ley: There Is
that Mr. Newman and I presented this morning, certainly'a great deal o Cort n this area.
we had a shear system which Is not dissimilar Looking at materials that have very high loss
to what Charles is talking about. We embedded factors, I wonder If anyone has given any con-
thermocouples in our viscoelastic material sideration to Just simply looking at the damping
.,h.ch was 1 by 1 by 1/4 in. thick, We ran this of critically damped systems when you approach
at different levels of acceleration and monitored very high values of damping. I remember a few
the temperature variations within the visco- years ago I was faced with this problem and I
elastic material. It might be of interest that found that I could get a pretty good answer on
this is somewhat a function of the magnitude of the damping, or loss factor if you like, by sim-
the acceleration. One can get outside the linear ply integrating the decay curve for a critically
range and perhaps get into some difficulties, damped system. This is a technique which
but in the area of very small accelerations, up some of you may find interesting when you have
to 3 or 4 g's, which is the region we monitored, very high loss factors.
and we had the system running 10, 15, 20 min,
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AIRCRAFT STRUCTURAL RESPONSE DUE TO GROUND IMPACT

Jack D. WeberConvw r Division of General DynamicsSan Diego, California

A method is developed for computing the dynamic response of a free-free elastic aircraft
structure while impacting with the ground. This problem, which is complicatod by nonlinear
force characteristics and structural feedback, has been brought into the realm of practical Dv'
lution by a unique transformation. The mathematical model consists of a lumped parameter
system. The ground load is idealized by a series of nonlinear partially restor-iug springs.
The€e apringR represent the vertical croshing characteristics of the lower fuselage structure.
The uaothod of anIalysis employed computes the rigid body plus the transient elastic response 4
of the structure. Bacic kinetics are used t4 dvtermine thc rigid body respoase and load. The
modal acceleration techniquc is used to compute the vibratory response of the structure. To
facilitate a solution, the load-deflection characteristics of the lower fuselage structure are
transformed into load-time curves. The load-time curves are generated as the solution pro-
grosses and thu-a represent the effect of structural feedback. The results of a sample problem
are presented as time varying displacements, velocities, accelerations, and fuselage bending
moments. A comparison is made between the loads and accelerations developed in a typical
fuselage during a crash (fuselage contact) and those developed during a landing (two-wheel con-
tact) under the same initial conditions. The results of fuselage model Impact tests are pre-
sented, and a comparison is made with the theoretical decelerations and bending moments.

INTRODUCTION to the ground. The energy attributed to the
forward motion of the aircraft must be ab-

Passenger safety and survivability are be- sorbed by ground friction. Second, the fuselage
coming ever more important with the advent of structure must have adequate strength to with-
larger and larger aircraft. The maintaining oA stand the loading during ground impact. These
fuselage structural integrity during ground Im- two objectives can be improved by only a minor
pact is the area under consideration in this weight Increase using new design considera-
paper. Primary consideration is given to a tions [2].
practical method of determining the loads de-
veloped in a fuselage during ground impact. The objective in developing the present

method of solution has been to arrive at a tech-
A number of controlled crash tests have nique with enough flexibility so that it can be

been made with aircraft. With other partici- used readily and still produce results with rea-
* pating organizations, the FAA conducted a full- sonable engineering accuracy. The ability to

scale dynamic crash test of a Lockheed Con- handle not only the fundamental modes but
stellation Model 1649 aircraft [1]. Similar higher frequencies was of prime consideration
tests have been made on other aircraft. In all in the development of the present method of
cases the fuselage broke at one or more places. analysis. The test results presented in Ref. 11]
Recently the FAA, In conjunction with Convair, show the importance of higher modes. The
performed crash tests on models of fuselages. results of previous analytical work [3] and test
These models were 4 ft in diameter and 30 ft results [1] have been helpful in deriving the
long. present technique. Ce'tain parameters such

as longitudinal vibrations that were determined
If one considers the loads developed in a to have an insignificant effect [3] were not

fuselage as a design parameter, the possibility considered.
of a fuselage remaining intact durhin a limited
crash can be significantly improved. The prob- The determination of the response of an
lem Is twofold- First, the lower fuselage struc- elastic aircraft structure during ground impact
ture must be designed to absorb the energy at- is complicated by the nature of the forcing func-
tributed to the velocity of the aircraft normal tions. If the forces wore predetermined functions
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o( tiMe, the solution would bY rMightlorward. 4. The lift on the wing is completely do-
tn*t0d, they are functions ot -_h displacement stroyed at impact.

Sper manent et.
5. The stiffness of the ground in relatively

high in comparison to the lower fuselage struc-
RMAEC EQUATIONS turo; therefore, it can be neglected.

The method of analysis employed computes The basic equations or phases to the solu-
the rigid body pluo the transient elastic re- tLion have been divided into three parts: force
apoz-e -A the structure. Basic kinetics are determination, rigid body equations, and elastic
uswed to determine the rigid bod, response and body equations.
load. The modal acceleration technique is used
to comnpute the vibratory response of the struc- The coordinateo and sign convention used
ture; the mathetoattcal model consists of a in deriving the equations of motion are given in
lumn ed parameter system; the ground load Is Fig. 1, where
idealized by a series of nonlinear partially ro-
storing springs. These springs represent the Xi - location of ith mass station,
vertical crushing characteristics of the lower
fvielage structure. To facilitate a solution, the Z, distance between ground mid unde-
load-deflection characteristics of the lower formed underside o( fuselage at the
fuselage structure are transformed into load- Ith mass station (a negative displace-
time curves, The load-time curves are gen- ment indicates deformation of the
crated a the solution progresses and thus rep- lower fuselage structure),
tasnt the effect of structural feedback.

it uvelocity of the iti mass station,

In deriving the basic equations, the follow- Z' a acceleration of the ith mass station,
lag ausumptlons are made: and

I. The crash it symmetric. That Is, the F1 * spring force on the ith meass station.
airplan is allowed to pitch and translate ver-
tically but cannot yaw, rol!, ,,r translate later-
ally. Longitudinal moIen ts been excluded Force Determinationi from the present consitderatlon.

A typical force-aeflection curve of a lower
2. The normal toree applied to the fuselage fuselage structure at a given mass station, i,

while Impacting with *,ae *•ound is derived from is given in Fig. 2. By transforming this curve
a series of nonlinear p4evuLly restoring springs. into one of force vs time, the response of the

fuselage can be determined by a closed form
3. The beam flexural atiffness remains solution. The transformation is accomplished

const._.nt du.4A.g the croh, by estimating the distance a station will travel

i ""

id'tg. 1.- C•ordiniatoe and sign convcntioai
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Fig. 2. Force-doflection charactorltica
of a lower fuselage structure Fig. 3. Lond-deflSctloU

curve with peranueont
sot

in a given time Increqnent, t $- to tt. The ea-
timated displacement in detetln-O by Eý (1), will romain at zero. Thus, when the deflection
which io b~od oq the value of diaplacamtelnt,hdecreases, the vali of ttpplied load computed
Zi J. 1; velocity, Z, 1_ ; aund accelerat1sa, Z, 1. Is from these modified curves will also be zero.

A limited amount of elastic springback to
S7 ' 1 -t I t . 1 3 represented by a modiied curve. For example,zi, ll'tZII' J') m "l~t-tj~) " it points 2 and 3 have boon bet to zero, tho now

(1) elastic region of the structure is as shown with

a dashed line in Fig, S. By proper selection of
From the force-deflection curve, valus tpoints not only can the load deflection curve

force are determined for the displacement at be represented, but springbvck churaoteristice
time t .I and t 1. The constant force, F1, act- can be varied along the curve. Dependbig on
Ing on mass station i during a given time in- the structure involved, a high elastic spring-
crement is taken as the average of the force at back is possible In one region and a low value
Z I S -I(actual) and 211 (estimated). The proce- In another. The potential of this feature is
dure in repeated for each mass stattion. These dependent on the proper selection of the points

forces are then used to determine the response to represent a load-deflection curve.
of the structure for the given time Increment,
Test cases show the estimated displacements
to agree within four digits of accuracy with the Rtigid Body Equations
subsequently computed actual displacements.Because of this accuracy the computed forces The followin~g equations are used to do-
fall well within engineering accuracy. Thus scribe rigid body motion of the aircraft center
this technique has proven to be very powerful of gravity and the individual mans stations. The
with respect to both accuracy of solution and total normal force on the fuselage is

1nhlniniun Computer time,

Permanent set can be represented by let- F F1 . (2)
tlng the load-deflection characteristics of the
lower fuselage structure for each station be
represented as a series of load-deflection co- The total pitching torque about the aircraft

j ordinates. A straight line it assumed between center of gravity (cg) is
each Set of points. A separate curve Is used
for each station. Figure 3 illustrates a portion
of a load-deflection curve with permanent set. T: Pi(Xi-X~1 ). (3)

As a solution progresses, the curve can bo
modified to account for plastic deformation of Equating the applied forces to the inertia forces,
the lower fuselage structure. The procedure
is to progrensively destroy the curve as deflec- V m Mi -M g (4)
tion increases. For example, when the deflec-
tion is between points 3 and 4, the value of load T 1 2 (6)
at point 2 Is set to zero; and then the deflection where
is between points 4 and 5, the load at pobit 3 is
set to zero, and so forth. These values of load M mass of aircraft,
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I n pitching moment of inertia of aircraft, a mass at the ith mass point, and

a = acceleration attributed to gravity, = modal displac.ment at the ith mass
point in the kth mode.

Z relative acceleration of aircraft center
of gravity, and The generalized force Is also based on the ap-

plied force remaining constant during a given
Saircraft pitching acceleration, time increment. Thus the generalized force is

represented as a step-curve. The generalized
Combining Eqs. (4) and (5), the acceleration of force for the kth mode during the jth time in-
the ith point is crement is

rI

Ammiivlg that the ,applied force and the result- The soltion of the equat.on of motion fur

Ing '•, releration, z 1 ' are constant for a given the kth mode iui terms of generalized displace-
time ULcrement, ti.. to t 1, the velocity and ment, Qk , velocity, and acceleration, 1kdisplacement of the ith mass station at the end
of the ith time increment is at the end of the J th time increment is

2. Z(t-t 1)+() Fq( j
I I- Qkj = kk 'k---- + u~ •- - M k Jk Cos w~k(t j t -t

)4-lZi• = -•j t-t-2, )+• wkt-ttt)•tj.I)t

(8) Qk+ . i (12)

These equations then represent the rigid body wsk ( t j-t )
motion of an aircraft during impact, .

SQkj - - k Qkj- - k M k sin cok(t j-t .)

Flexible Body Equations k k -n t ,

rhe elastic response of a complex multi- cns Wk(ti-ti-1)
degree-of-freedom system is best determined - (
by the use of generalized coordinates. The /
generalized coordinates or modes will be con- 2 :/^ Fqk
sidered to be orthogonal; thus the total vibra- QkM _ cosoI k k(tikti/)

£ tory resvonse is the superposition of the indi-
vidual biodes. In terms of generalized coordl-
nates, the equation of motion for the kth mode -k Qk1 I Sir' Wk( t i-t .) (14)

where Q. and Qý are the generalized dis-
Mhk 4k + Mkk 'k2 qk 1  Fq, (9) placemenW and velocty' at the beginning of theS~time increment. The solution to propagated by

S where letting the final conditions of one Increment be-
t whcome the initial conditions of the next. Ti, ef-

M,, = generalized mass in the kth mode, feet of structural damping, G, has bean adted
by multiplying Eqs. (12), (13), and (14) by

= frequency of kth mode, and

F(, ffi generalized force of kth mode. e (1t)

The generalized mass for an orthogonel mode The total vibratory response of the ith
it mass point it obtained by transforminbg the

above response factors from generalized to
structural coordinates and summing the re-

M{k -- mtk,(10) sponse of the individual modes. Thus the tran-
sient response at the end of the jth time incre-

where mert is
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structure were computed from stiffness, mass, I
Z (¶6) and geometric data.

The dynamic response of the jet transport
impacting the ground was determined by the

Qk Q (17) computer program and Is in the form of printed
t output and SC-4020 plots. To illustrate the re-

sults, selected plots are presented in Fig. 4.
(18) The plots of displacement show progressiveZ i = k 4i• k• (18)

Q, 'j contact of the growid by the various stations.
Contact is made at a displacement of zero.

These equations represent the vibratory re- Negative displacements represent deformation
sponse of an aircraft during impact. The total of the lower fuselage structure. By comparing
response is the sum of the rigid body plus the the displacements between stationz, prtching of
tranuient response. the fuselage can be observed. The plots of ve-

locity also illustrate pitching of the fuselage.
The plots of acceleration show the pronounced

DIGITAL COMPUTER PROGRAM effect of the vibratory modes, especially higher
frequencies. The plots of bending moment

A digital computer program has been de- show that the higher frequency modes have a
veloped based on the preceding equatlonr. The more pronounced effect at the ends of the beam
program computes the dynamic response of a and that the fundamental modes produce the pri-
free-free elastic aircraft structure while ir- mary response near the center of the beam.
pacting with the ground. The program corn- Actual test data [1] have also brought out the
putes as a function of time the displacement, importance of multiple elastic modes. One of
velocity, and acceleration of each control sta- the features of the computer program that uses
tion. Bending moments along the fuselage are the method of this paper is its ability to handle
also determined. These are compared with the six elastic modes at a minimum of computer
maximum allowable bending moments. The time (1.5 mrin on the IBM 7094/44).
normal computer output is in the form of both
prilAed output and SC-4020 plots. A complete A parameter study was made for the jet
description of the program is given in Ref. [2]. transport impacting the ground. Angle of attack
The program has been written in Fortran IV and contact velocity were varied. Results of
and has been run on the IBM 7094/44, the IBM these studies are presented in the form of
330 model 65/40, and the CDC 6400 fuselage vertical decelerations (Fig. 5) and

bending moments (Fig. 6). Impact velocity has
a pronounced effect on decelerations and bend-

STUDY AND TEST RESULTS ing moments, Angle of attack also increases
the fuselage response. The increase attributed

To demonstrate the method developed in to angle of attack is the result of the application
tLhis paper, the results of two different prob- of load at the end of a beam and the relative stiff
lems are presented. The first is an analytical nose structure. Except for the wing fuselage
study using the physical characteristics of a intersection and the nose, the remainder of the
medium-size, four-engine jet transport. The lower fuselage structure of present jet trans-
second is a comparison between analytical pre- ports possesses fairly good energy-absorbing
diction and test results for a model fuselage. characteristicE. The maximum allowable !use-

lage bending moments are included in Fig. 6 to
serve as a basis for evaluating the severity of

Jet Transport Study the loads attributed to ground impact.

The fuselage of a jet transport was ideal- Figure 6 shows that it does not take much
ized as a beam with ten mass stations (Fig. 1). of an impact (zero degree and 10 ft/sec) before
In the model the vertical flexural stiffness was the maximum positive (compression in upper
considered to vary linearly between mass sta- surface) allowable bending rmoment is exceeded.
tions. Wing weight was included as part of the The reason for this is that aircraft fuselages
fuslage weight. The vertical crunhing charac- are not designed for high poaitive bending mo-
teriatics of the lower fuselage structure were ments. The typical crash situation is shown in

Srepresented as z. nonlinear partially restoring Fig. 4(H) where the initial Impact produces a
spring at each of the forward nine mass sta- large positive bending moment at 0.13 see. A
lions. The free-free orthogonal vibration fuselage to be more survivable must be designed
modes and frequencies for the idealized not only to withstand large negative bending
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Fig. 4. Jet transport fuselage-.5o impact angle,
10 ft/sec, normal velocity

moments, as they now are, but also to with- produces much larger negative than positive
stand high positive moments. In Ref. [2] the bending moments. Comparison with the ground
problem of maintaining the structural integrity Impact shows the landing condition to be less
of a fuselage during impact is discussed fur- severe for both positive or negative bending
ther. Also, methods are outlined to improve moments. This is because of two factors: One,
the energy-absorbing characteristics of a the landing gear is a better energy absorber than
lower fuselage structure, the lower fuselage structure; two, the distance

from the airplane center of gravity to the applied ME
The results of a two-wheel symmetric load is less for a landing. Thus, the result ohown

landing amalysio are also presented it Figs. 5 by this comparative study is that ground contact
ad 6 for a 10 ft/sec descent velocity. Landing is a more severe design condition than landing.
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Fuselage Model Tests down on the impact area for the second test and
acceleration and strain gage measurements

30 elg scale models 4 it in diameter and were recorded during impact. Teat results for
30i oghave been built and used in crash model 1 are presented in Figs. 7 (decelerations)

tests, The objective has been to demonstrate and 8 (bending moments), and the results for
the method presented In this paper. The tIm- model 2 are shown in Figs. 10 (decelerations)
proved crashwaorthy types off lower fuselage and It (bending moments). The fundamental
structure, as presented in Ref. [2), were also vibratory bending mode along with the higher
tested. frequency modes are presented in the test data

Two models, each with a differen~t fuselnge (is.9ad1)
bending strength and lower fuselage structure, Prior to testing, analytical predicetions
were shot off a catapult at 75 mph into a 6- eemd o ahmdl h oeswr
degree hill. The impact area for tWe first test Idealized as 10 mass lumped parameter eye-
was relatively soft fill. A steel plate was liad tems. Associated with ea!'h of the forward nine
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Fig. 8. Bending moment-fueelage modcl 1,
impact on soft groundI* -+ta L. , sa P_ no_• Lear partiAlly restoring bending moment. In general the test results and

s spring, The first six free-free orthogonai vi- analytical predictions have the same peaks and
bratlon modes and frequencies were computed. frequency content.
The computer program was used to determine
the dynamic response of the models under the The analytical and 'est results for model 2
test conditions, are presented in Figs. 10, 11, and 12. In the

test of model 2 a steel plate (which approaches
The analytical results for model I are pre- the assumption made in the analysis) was placed

seated In Figs. 7, 8, and 9 with the test results. on the impact area. Figures 10 and 11 show
In the analysis the ground was assumed infi- good correlation between theory and test for
nitely stilf, which accounts for the difference both decelerations and bending moments. The
between the theoretical and predicted results. response time variation it also good for model
The greatest difference occurs in the acceler- 2 (Fig. 12). Thus, the theory and method of
ations (Fig. 7). This is primarily because of this paper have been demonstrated to give rea-
the high frequencies, which produce the high sonable correlation with test results.
accelerations, being attenuated by the soft
gpoud. The bending moments (Fig. 8) that are
more closely related to fundamental mode (Fig. CONCLUSIONS
9(C)) have better correlation. Figure 9 illus-
trates the correlation that exists on the basis A practical method has been developed that
of time for two select clecelerations and a can be used to determine the dynamic response
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Fig. 10. Deceleration--fuselage model 2,
impact on steel plate

of a free-free elastic aircraft structure while The loads developed In a iuselage for
impacting the groutd. the same initial condition are nrore severe

The fundamental and higher modes must be for fuselage contact than for a two-wheel

considered when determining crash loads and landing.

decelerations.
The method developed in this paper com-

The upper fuselage compressive strength pares well with test results.
is the design condition when ground Impact is
considered.
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EFFECT OF TEMPERATURE ON THE VISCOELASTIC

HIGH POLYMER MATERIALS

John M. Ohno
The Aerospace Systems Division

The Bendix Corporation
Ann Arbor, Michigan

A cheonorheological approach was introduced to interpret mechanical behaviors,
such as creep, elastic recovery, retarded recovery, ;tress relaxation, permanent
set, and stiffening. Five stagos in three types of stress-strain diagrams were dis-
cussed. Temperature dependency of thermoplastic open- and closed-cell foam ma-
teriais was tested at -50'F j45.5'C), room temperature, and at 160*F (0'C). In
the case of silicone, the upper limit test temperature was raised to 300'W (149"C)-
The materials selected were polystyrene (rigid foam), polyvinylchloride (flexible
closed cell), polyetherurethane (flexible open), polyethylene (flexible closed), and
silicone (rubbery closed cell). The thermal effects on the stress-strain curve.
change in hysteresis area, compression set, and retarded recovery were studied
quantitatively. Mechanical and thermal (low temperature) stiffening phenomena
were demonstrated clearly. Transmissibility of vibrational energy was also stud-
ied at various temperatures.

INTRODUCTION A chemorheological approach is introduced
to interpret some differences between various

Unlike most of the structural materials, the groups.
relationship between process parameters and
properties of end products is not well known. CHEMORHEOLOGICAL APPROACH
The moduli of high polymers at room tempera-
ture depend on the type of filler materials, Classification of the Group
blowing agent, thermal treatment, and so forth.
Temperature dependency of viscoelastic mate- Viscoelastic properties of high polymer
rials is significant because these foam mate- materials are derived from the followig (lye
rials are thermoplastlc. Transition tempera- mechanisms: (a) stretching of primary and
ture varies depending on the molecular structure secondary bonds, (b) distortion of valence bond
and, in some materials, two transition tempera- anglcc, (c) rotation of bond axes, (d) stress-
tures are observed: for example, dimethyl silt- activated jumping of molecular elements, and
cone which transforms from an amorphous state (e) entanglement and chain scission. The first
to crystalline at -70*F, then to a glassy state at two mechanisms represent elastic property oh-
approximately -190°F. Polyethylene foam to served in the case of rigid polymers or glassy
flexible at room temperature, but is glassy at states below the second-order transition tem-
subzero temperatures. The effective use of perature. The next two mechanisms, (c) and
high polymers depends substantially on the (d), represent nonlinear property which involves
user's modification. The modification for the a relaxation or retardation; this relaxation is
particular application requires some background called chemical stress relaxation.
knowledge on materials and processes. Design-
ers must be aware of these properties. There- Molecular jumping or rotation against inter-
fore, a study was made on the temperature de- molecular forces requires a finite time and de-
pendency of high polymer foam materials such pends greatly on temperature. The secondary
as polyurethane, polyethylane, polyvinylehloride, bonds between molecular chains, with the entropy
llco..e, an.d polystyrene. effect, tend to force these ch-ais into a random
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contracted configuration. This molecular ,,,,-ROTATIONd AROUJND CI-C,
movement Indicateib a characteristic vlsco- 1 I
elasticity. The last mechanism, (e), ito' A~

related to permanent entanglement called "set" 2 1,OAN ON JND CZ-C3and degradation caused by chain scissions.

polymer. are divided into the following groups:

1. amorphous linear high polymers H Hf1lHI H

2. *rose-llnked amorphous high polymers I p
S. crystalline high polymers (D (D

HI H~l I

4. eemicrystalline high polymers. I IM, i

The vLecoela~tlc property depends greatly (D

on molecular rotations. An example Is shown 021rn~n~~~
litFIg. 1(a). Deformation results from move- Ch Cat. CI~,M. eoil
mlods of segments of the loNg chain molecules. ''"~~~

These movement., which consint of the chains
rfolifn VAd Wicoiltin, require a finite-time aW Fig. 1. (a) Molecular rotation
m.e delayed by Intermolecular and Intraseg- around C-C single bonds, and
mental forces. jb) cross-linking and double

bond in polyothyloete(combina-
The flexibility of linear polymer molecules tion of amorphous and crystal-

to largely because of the possibility of rotationliecpon)
around uaftle bond.. There Is no rotation
around the double bond. (Tr0 ) and crystalline transition temperature (Tc).

Its modulus Is the highest at temperatures be-
As the temperature is raised, the retarded lOW To. As temperature Is raised, the modulus

elastic response is gradually dominated by flow. Indicates a plateau which Is called "rubbery
Conversely, if the temperature is lowered, the plateau stage." At a certain temperature (Tc),
effeet of flow disappears and the configurational the material transforms from a crystalline

elastic response ts significantly retarded. The state to an amorphous state. As temperature Is
mechanical behavior, thus, depends on tempera- raised above Tc, flow will occur as a linear
ture. amorphous polymer. This Is clearly illustrated

in Fie. 2 (see list. (I]). The stress relaxation
modulus kr (t see) in Fig. 2 I& defirted as the

Croas-Lmnked Amorphous stress per unit strain necessary to maintain
High Polymers the sample at constant extension for t seconds

(such as 10 seec).
Cross-linking has a significant effect on

mechanteal behavior, because a highly cross- OSSTE
linked polymer can aot flow, even at elevated lSYSA

tmperatures. Thus, a cross-linked polymer ASR IIA IG
has simpler vlseoelaotic properties than a flYSAUno STAG(

IWrpolymer. As the temperature is raised, A(nAOtOHOS SIATEU
the retardation in elastic response of a cross- 5Nll

linked polymer simply decreases wlitout the TRANSITION
appearance of flow (see Fig. 1(b)). /COLYiASSR LIPOAARfOJ

Crytq~bi HghPolymers IM SMNA WiU

Thsmaterial has two transition tempera- Fig. Z. Modulus -temnpo r-ture
turs; namlyglass transition tmeauecre
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CA]RACTERISTICS AND LIMITATIONS hydrolyzing reaction must be carefully con-
OF VARIOUS TYPES OF FOAMS trolled to obtain consistent results. The addi-

tion of fumed oilicas as a filler inereases the
Silicone strength of silicone rubker, but also decreases

the shell life oi the base compound. Therefore,
The molecular linkage of silicone (Fig. 3) any modification with strongly acidic or basic

is relatively simple and, unlike hydrocarbon materials must be carried out carefully. Table
polymers, silicone has good heat resistance. 1 shows an example of modification and the ef-

fect of modification on density and deflection [21.
The organic groups, R, modify what other-

wise would be a purely Inorganic silicon oxide A. V. Toboluky [3] et al. studied the vul-
or silica glass and provide the desired degree canized silicone rubbers and emphasized the
of flexibility, effect of a catalyst on IO linkage. Tobolsky

attributed the stress relaxation phenomena to
an ionic interchange of Si0 linkage catalyzed

I R by some w"known reagent (Fig. 5). The chemi-
SFig. 3. Molecular otruc- cal stress relaxation phenomena depend greatly
[- Iture of silicone on a reagent and temperature.

Polyurethane

In practice, the R groups are almost al- The foam material is supplied in many
ways methyl groups (CH3), but occasionally grades which can be distinguished by their
phenyl (C6 H5 ) or ethyl (C2 i15 ) groups. load-bearing properties, commonly referred to

as "load deflection"; for example, load value at
Silicone is made by hydrolyzing pure 26 percent, 60 percent, and at 75 percent deflec-

dimethyl-dichlorosilane and extending the re- tions. ASTM D-1564-61T "Tentative Specifica- .suiting linear polymers to very high molecular tions and Methods of Test for Flexible Urethane
weight, so that the chains consist of thousands Foam" was Issued in 1958 (Table 2). However,
of dimethyl siloxane units (Fig. 4). an increasing variety of applications necessi- I

tated many additions to this specification.

DIMISL The reaction and the final molecular struc-
SiLWf ture of polyurethane are shown in Fig. 6.

There are many modificationo depending t
CII.C, IWDO.(l- on other ingredients. Table 3 shows the classi-

¶") >\ •,' /fication of Polyfoam which is a flexible, open-,#YWIOZYI- -• cell, polyethor-based urethane foam material

W) ~supplied by the General Tire and Rubber Co.I AMR Nominal 2 pef foams have heat distortion tem-- , z• •-peratures hi the range of 200 to 265 *F.

CI1) eCit

Fig. 4. Hydrolyzing procesa Polyethylene

of dinmethyl silicone

E'Polyethylene foam is made by mixing a
foaming agent with a molten polymer under high

Major suppliers of silicone base materials pressure. The foaming agent expands under re-
In the United States are Dow Corning, General duced atmosphmeric pressure and forms an indi-
Electric, and Union Carbide. The so-called vidual cell. The basic molecular tcture isRTV silicone rubber, meaning room -temperature -CH 2 -CII 2 -CCH 2 -CH 2 --. However, the actual
vulcanized silicone, requires only the addition structure polymerized at a very high pressure
oulcanizedslictfone, reuirt rony them raditi, is strongly branched. (See Fig. I(L) for cross-

linked and branched structure.) Polyethylenes I --

The ease compound comprises a reactive are classified by deusity: (a) low density, (b)
silicone prepolymer, a blowing agent, ad medium density, and (c) high density. Low den-
fillers. The addition of an active catalyst to the sity polyethylene foam is flexible and displays
system initiates two reactions: vulcanization, high Impact strength, but is relatively low heat
and evolution of hydrogen gas. The rate of resistant. The maximum service temperature
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TABLE I
Effect of Blend Formtule on Density and Deflectiona

Compression Deflection
Blend Formula Thick(jss (lb/in.2 ) Density(hI.)-2% (lb/ft3)

RTV-7 0.126 0.5 1.0 2.9 10.7

RTV-7 + RTV-11 0.125 0.0 1.9 5.3 19.4(100 pts) (25 pi)

RTV-7 + RTV-60 0.125 0.8 1.7 5.7 21.2
(100 pise) (25 pts)

RTV-90 0.125 j .i 2,2 8.3 24.8(100 Pis) (25 pts)

cji ~e , {a].

I" Ib

""--e- ,-o(., ,[-o- ,- -..

0* 0*3) Fig. 5. Chemical stres v

relAxation by a catalyat

Rt-O--$I1--O-RI. R l-0-1-0-Rl-O

TABLE 2
Flexible Urethane Foam (ASTM D-1564)

Pl-t KFoam Type ýe

D :erO-ity (Db/'tO) ii to 2.3 1.6 to 2.0

Trell at (ol) 9 to 22 25 to 33

Ukt Olo (%) 222 to 310 250 to 500

Tear st (lb/linear in.) 2 to 4 2.3 to 4.2

Compression deflection at (psi):

26% comp 0.15 to 0.6 0.46 to 0.48
50% 0.2 to 0.7 0.66 to 0.80

76% 0.4 to 1.6 1.20 to 2.00

Compression set 1SO°F, method B, at:

50% comp 22 hr S to 4 3.5 to 6.0
90% comp 22 hr 6 to 8 8 to 20
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i ... - VS 400 CG-PVC I* made by B. F. Goodrich
| I I [-I-C-c-awider the trade name Korosenl Foam. Tbie to

I I ! •4n)M8RIDoIO I I I the moot Ilexible grade closed-coil foam ma-
H L-...... . " " toral.

tIHL OYCOI ()YIn DEi ISOCYAMAT I
Polystyrene

I'J L. 1 L"|H I Rigid thermoplastIc polystyrene foams are,~I -¢ -¢- Oi-- -p -¢- availtable lit & iw ~ttee rpingiitg from ab •t I pd
S, H L..~.. j H to over 20 pet. Foams are made from the poly-

AmR ARIDG.NC styrene beads by applying heat which causes the

Fig. 6. Formation of beads to expand, crushing them together in ai
a~oly~treth.aiO closed container (or mold), and fusing them into i

a closed-cell material. Tih beads are eoxpnded
over M5 times their original volume. The die-
advantages follow- (a) high compresseopse (,

recommended is only 175 'F. It becomes stiffer (b) poor acoustical resitgance, (c) resop, (d)
at low temperatures and has a strong tendency poor heat renistanco, and (e) nonuniformity. I
to crystallize. However, because this foam is a However, the thermal Insulation properties are
thermoplastic rmAterial, it becomes increasingly excellent, and their K-factor compares favor-
flexible at higher temperatures. Although the ably with many other insulation materials.
foam has some thermal insulation property, it
is not normally considered as a thermal lntsu- Polystyrene is a thermoplastic material
lator, but rather a shock and vibration Isolator, that is easily distorted by heat. One modifica-

tion called polymethylatyrene has a relatively
According to MIL-C-46842 (8 Nov. 1985), high heat distortion point (2109F).

the low density polyethylene foam must satisfy
the following propertt.as: density, 1.0-2.6 lb/ft-; Degradation of polystyrene is divided into
compression strength, < 8 psi; compression set, three categories. (a) degradation in vacuum,< I0 percent. (b) oxidative degradation, and (c) mechanical

degradation.
The cushioning ability of polyethylene at

lower temperatures is much lean than at room Degradation in Vacuum - The weak points i
temperature because of the stiffening phenomena. In the polymer bos- are -i- dicated by the ar-
Polyethylene Is more heat-stable than poly- rows In Fig. 8. The reaction products for poly- I
styrene. The reaction products for polyethylene styrene consist mainly of monomer and d!-ier.
contain paraffins with up to 50 carbon atoms, and
contain little monomer. Degradation starts at Oxidattve Degradation - The mechanism
about 310°C. can be assumed to be as follows*

Polyvtnylchloride Polyntyrene 1 O,

Polyvinyl foanms are available ih Polystyrerte hydroperoxide I
open- or closed-cell structures in both flexible Chain och ion.
and rigid foams. Flexible polyvinyl foama are I
very oensitive to temperature. Flexible fouams
can not be used continuously at temperatures Degradation of polystyrone was observed at

over 150"F. Rigid fonnms, however, retain 80 103*C. However, under ultraviolet radiation,
percent of their mechanical properties at 200`F, the degradation was initiated even at 00*C I
and caa withstand 300°F it the service is inter- (Fig. 0). I
mittent,

Mechuanical Degradation -- Dimoloeular
The molecular structure of polyvinyl ohio- and n• •, e• are considered,. -

ride is a simple, head-to-tail linear high polymer The rate of degradation (Fig. 10) as a function

(Fig. 7). Flexible PVC to a plasticized material of chain length was calculated by N. Sate et al.
that often contains, in addition to plasticizers, and II. Jellinek et at. The primary break of
other ingredients such as stahilizers and pig- polystyrene is coupled with a mtir.tton of a
muents. labile hydrogen atom.
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-A~ -.--V W U-Nlll ý "

SCI H C1 purposes: (a) isolation of shock and vibration,I I Fig. 7. Molecular structure oftypic-l P (b) thermal insulation, (c) clectrical insulation,
-J-C-cc- typical PVC and (d) acoustical insulation. The selection of

H H It It
foam materials must be based on the particular
application. Mechanical properties are a func-
tion of base plastic resin, the density, type of

H . H. cells (open or closeid), blowing agent, and cel
Fig. 8. Weak points il Il Iindc-C C _C {, size.

polystyrene polymner . IJ
Table 4 lists the foam materials selected

for this study, and Table 5 bicludes specimen
sizes for the static test. Unfortunately, the

- manulacturers' specifications are not consist-
H, ent. Tabie 0 lists the properties of RTV-7 s1l1-H 14 11 it

02 I I I I cone rubber foamn manufactured by General
-c-c-c-c- - -C-C;-C-C Electric Co. In Table 4, selected grades ef

H 6 6 1 (. 6 .6 polyfoam supplied by the General Tire & Hub-

SIOHI{ OXIDATISI• A1R OXWOAtON ber Co. are shown.

POLYSlTRE~i HYORO PEROXIK

Static Test ProcedureFig. 9. Oxidative degradation

This stal'rc tei Ls run to investigate the
thermal effect on the stress-strain curve,

H I HHchange in hysteresis area, compression set,1 It H It 1 H H

S! ! and retarded recovery.
-C -- C - • -C I -- C-

SI I I i A load was applied at a constant compres-1 sion rate of 180 lb/min on 6- x 6-in. samples.
H MOAN) 0 1YaOM it A linear displacement variable transformer

was used to observe the strain of each sample.
Fig. P9. Cheron'echanica!

degradation For comparison, a 50 percent deflection
load, based oun the stress-strain diagram, was
determined fir each sample. The plastic defor-

TEST SPECIMENS AND PROCEDURES mation was recorded twice: immediately after
the removal of load, and after 4 hr.

Selection of Foam Materials

Applications of foam materials (either
shade. block, or pad) are grouped in f_- -

TABLE 4
Foam Materials Selected for the Test

Types I Goup ___eel Trade.Name and Grade

Polyether-Urethane Flexible Open cell Polyfoam P-12, P-25, P-65
(General Tire & Rubber Co.)

Polyethylene Flexible Closed cell Ethaloam 2 lb/ft 3

Expanded (Dow Chemical)

Polyvinyl Chloride Flexible Closed cell Koroseal Foam VS4i00, 4 lb/ft 3F(D. F. Goodrich)
Poly 6* ýrtne Rigid Closed cell Falconioam I ibift3 •

Expanded (Falcon Manufacturing Co.)

S4hcovne jRubbery ClosedRTV-7 silicone 12.5 lb/ft-'

._ Ceilular (General Electric)
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TABLE 5

Foarn Specimens (8 in. x 6 in. x thickness)

Sample No. Type Grade Thickueso (in.)

1 Silicone RTV-7 (12.5 pc) 0.55
2 Silicone RTV-7 (12.5 pcf) 0.87
3 Silicone RTV-7 (12.5 pcf) 1.05
4 PVC Flexible PVC (4-5 pci) 0.5
5 PVC Flexible PVC (4-5 pd) 1.03
6 PVC Flexible PVC (4-5 pcf) 2.0
7 Polyether-Urethane Flexible, open, P- 12 0.5
8 Polyether-Uretbane Flexible, open, P- 12 0.98

1 9 Polyether-Ure.iane Flexible, open, P- 12 2.0
10 Polyether-Urethane Flexible, open, P- 12 4.0
I I Polyether-Urethame Flexible, open, P- 12 6.0
12 Polyether-Urethane Flexible, open, P-25 0.52
13 Polyether-Urethane flexible, open, P-25 1.0
14 Polyether-Urothane Flexible, open, P-25 2.03
15 Polyether-Urethane Flexible, open, P- ,5 4.0
16 Polyether-Urethane Flexible, open, P-25 6.0
17 Polyether-Urethane Flexible, open, P-65 0.5
18 Polyether-Urethane Flexible, open, P-65 1.05
19 Polyether-Urethane Flexible, open, P-65 2.03
20 Polyether-UrIthaile Flexible, open, P-65 4.0
21 Polyether-Urethane Flexible, open, P-65 6.0-
22 Polystyrene Rigid, closee, expanaed, I pci 0.52

23 Polystyrene Rigid, closed, expanded, 1 pcf 1.0
24 Polystyrene Rigid, closed, expanded, 1 p•c 1.98
25 Polyethylene Flexible, closed, expanded, 2 pci 0.5
26 Polyethylene Flexible, closed, expanded, 2 pcf 1.0
27 Polyethylene Flexible, closed, expanded, 2 pc[ 1.97

TABLE 6

Specification of RTV-7 Silicone Rubber Foama

Base Compound

Viscosity, cps at 77 0F ...................................... 7000-9000

f Color . ...................................... ........... Black

Specific gravity ........................................... 1.11 ± 0.02

Shel f le ............................................... 3 m onths

Cured THV-7 (5 wt % Stannous Octoate) 50% relative humidity

RTV tack free time ........................................ 5 1 2 min
Density, max . ............................................ 12.5 lb/ft 3

Tensile strength (0.08-in. thick, ASTM) ........................... 20 poi
Elong (ASTM ) . ........................................... 70%

Compression set of post cured sampleb

50% compression for 22 hr at 212.F ............................. 5%

aS.e Ref. [Zj.
bPost curing: 1 hr at ZIZ*F.
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Selection of Test Temperature by taking a rms value between the glassy and
the rubbery moduli. (See Table 8 and Refs. [11

The test temperature should sMay within the and 14].)
linitto of service temperature. Therefore,
Table 7 is based on a state-of-the-art study of T is often called the second-order transl-
the heat-resistance capability of various loam tion temperature. Some materials (such as
materialý. dimethyl silicone) have a so-called crystalline

transition temperature (Tc) which is a transition
Table ? shows that PVC and polystyrene temperature from an amorphous state to a crys-

have poor capability. A range of -50°F to talline state.
+160OF was selected for the study of foam
specimens with the exception of silicone. Sill-
cone, which has an excellent heat and low tern- Dimethyl and Methyl-Phenyl Silicones

perature capability, was tested at 300°F to If one of the methyl groups (Cu 3 ) is re-
-"50°F" placed by phenyl group (C6 Hs), a special low

temperature silicone called methyl-phenyl sil-
EFFECT OF TEMPERATURE cone is obtained. Dimethyl silicone transforms

from amorphous to crystalline at approximately
Transition Temperature -70 *F, but methyl-phenyl silicone does not have

such a transformation. Both types, however,
The transition from an amorphous to a transform to glassy state at approximately

glassy state or from a crystalline to a glassy -190°F. The change in length vs temperature
state takes place at a definite temperature (or for these two siftcones is illustrated in Fig. 11
within a certain temperature range). The mid- (see Ref. [5]). Figures 12 (see Refs. [5] and [(])
point transition temp iture (Tm) is determined and 13 (see Ref. [6]) are the results of tensile

TABLE 7
Approximate Service Temperature Limits (OF)

Polymer Lower Limit (OF) j Upper Limit (OF)

Silicone { Dimethyl -80 500

Methyl-phenyl -160 500

Polyurethane -50 200
265

Polyethylene -50 175

Phenolics -32 250

PVC 20 150

P-,ystyre•e RT 170 "--_-

TABLE 8
Glass Transition Temperature (TG) and Midpoint

Glass Transition Temperature (Tm) (*F)

Polymer TG Tm

Polystyrene 100" 116*
92 to i05t

Polyvinylchloride (rigid) 74* 90*
82t

Polyurethane (ester base) -35*

Polyethyle.,e - -5 to 0*

Silicone -123 t -

tSec Ref. [I J.
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Fig. 14. Stress-vs-strain curve for 100 I2.7
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Fig. 15. Stress-vs-strain curve for
methyl-phetnol silicone at -180°F

The diagram is very similar to that of silicone, qualitatively dynamic behaviors of this material
and is classified as type 1, The only difference at various temperatures.
is the fifth stage (recovery stage) in which a
definite retardation in recovery was observed.
About 90 percent of compression set is shown PVC Foam
in Fig. 16. This deformation set recovers at
room temperature and not at subzero tempera- The hysteresis diagram of a very soft flex-
tures. Reexaminations aLter 4 hr at room tens- ible PVC foam is similar to that of silicone.
perature indicate almost complete recovery. In other words, the stress-strain diagram is in
Based on this static test, the cushioning ability the category of type 1. Howevei, PVC Loam is
is inferior to that of silicone. Static conditions in glassy state at -50°F, and the curve is en-
do not simulate actual dynamic conditions. How- tirely different (Fig. 17). Elastic buckling was
ever, this study could be used at least to predict not observed in this case. Lower temperature
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stiffening retarded the recovery, and the larger rrTi -L
hysteresis area was observed. The glassy state t UPVC and rigid-type polystyrene are therefore tM-
grouped in type 3. A great percentage of per-
manent set and a large hysteresis area are the Room npI6STATE 4y-
major disadvantages ofthis type of ioam. The -r LSYSN
application Is therefore limited.

Polyethylene

The stress-strain curve of polyethylene Is
between the rubbery and glassy types, and can U, M. at.r PSI
be classified as type 2. Careful examination of
Fig. 18 revealed five stages: initial hardening,
retarded buckling, strain hardening, rapid stress
relaxation, and retarded recovery. The effectof low temperature stiffieirig is clearly shown 6- -16.67

in Fig. 18. Larger hysteresis areas were ob-
served as temperature was lowered. 4 1.1

Effect of Cold Temperature on
Hysteresis Diagram

Table 9 is a summary of hysteresis dia- SMTAIN
grams. As temperature is lowered, the stiff- Fig. 18. Stress-va -strain curve for
ening of a material causes a gradual increase polyethylene at room temperature
in the hysteresis area without changing the and -50'F
type. Upon further decrease in temperature, it
will finally transform from type I to type 2, or
type 2 to type 3, or 'rom type 1 to type 3, A
directly. RETARDED RECOVERY

Table 11 shows two compression sets and
Table 10 shows a quantitative study of hys- a 50-percent deflection load for each specimen.

teresis diagrams. Cold temperatures increase Faleonfoam, because it is a rigid type, indi-
the hysteresis area without exception. cated the highest permanent compression set.

TABLE 9
Five Stages in Three Types of Stress-Strain Diagrams

Type 1 T Type 2 Type 3Stage (Flexible, Rubbery Type) (Semi-Type) (Rigid Type)

I Elastic buckling Initial hardening Initial hardening
2 Transition stage Retarded buckling Gradual yielding
3 Elastic bottoming Strain hardening Strain hardening
4 Rapid stress relaxation Rapid stress relaxation Rapid relaxation
5 a. Complete recovery a. Partial recovery Incomplete recovery

b. Retarded complete recovery b. Retarded recovery

Silicone Polyethylene Polystyrene
Example Polyether Urethane (Polyfoam) PVC (cold temp.)

Very soft PVC (room temp.)

tysteresis Smallest Medium b, Largest
Area __.
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TADLE 10
Effect of Cold Temperature oni Hystereoti Diagrams

$•imea No. (OF) J LoadIng Unloading Area HyetorelA

SSilcone No. 1 Am 0.127 0.007 0.00
-50 0.225 0.155 0.070 Increaee811tcone No. 2 am A5 .10- •9 -

l5e_0 0.257 0.157 0.100 Increase•I PVC No. 5Rm 0890.766 IN•03
(Polyvinyl- -50 1.852 0.200 1.554 Increase

_ chloride) 2rnd Rm. 1.005 0.715 0.290

: .PVC-NO. 6 Itm 1305 1.2.75 ' 013

-50 3.014 0.8•4 2,190 Ihcrease
P*y(om No. 13 rt -0.06~ ~ 4*~*

(Polyether) -60 0.141 ).,• 0.116 Increase
_2ad Rm 0.056 j 0,(05 0.051

Eth~doam No. 26 Rm 1.162 C .. 0.•2
(Polyethylene) -50 1.460 ' 0,•,• 1.030 Increase

2nd Rm 1.279 I 0.374 0,605
a.Moam No. 27 Ufa 1.9414 0.730

Ef 1___-510 2.490 0.980 1.510 Increase

S. .TABLE 11
Room Temperature Compression Toot of Foam Materials

(Pressure Rate, 180 lb/mia)
SThick- max Comp, Comp atS50% Comp Set (%)

ilicType 1a5ness
SNo. j(in.) %b [ ps i i lb pot Immediate ter 4 hr

silicone 1 0.75 675 19. 3 120 3.3 0 0
2 o.,I ' 940 26.0 60 200 5,5 17 0

_ _3 1.05 1340 37.0 77 50 1.4 0 0
P-VVC 4 .5 1350 37.5 86 700 8.4A 0 0

5 1.03 1450 40.0 85 325 0.0 12.0 6
6 2.0 1125 31.0 80 500 14.0 0 2

Polytoam P-12 7 0.5 2175 1.0 98 5 0.14 84 2I 8 0.90 670 19.0 98 6 0.14 80 0
9 2.0 340 9.5 91 5 0.14 75 0.5

13 4.0 1 4021.0 09200.50 0.14 0 0
__ 6.0 1350 37.5 07 5 0.14

fPlyloam P-25 12 0.52 365 10.0 98 20 0.50 48 2
13 1.0 740 21.0 00 20 0.56 5 1
14 2.03 595 16.5 91 20 0.56 75 0.5
15 4.0 1300 36.0 95 30 0.84 0 0

__-_ 16 6.0 1500 41.5 96 30 0.84 0 0
0lyf o m P - - " 17 Soo T0 I .. O.... .-
18 1.05 520 14.5 99 30 0.04 6 4
19 2.03 475 13.0 94 30 0.84 10 1
20 4.0 1300 36.0 94 40 1.1 8 0
M _ _ 6.0 1600 44.5 95 40 1.1 8.4 0

Falconfoam 22 0.52 1700 47.0 70 900 25.0 50 32.7
23 1.0 1850 51.0 85 900 25.0 50 50
24 1.98 1740 48.0 86 770 21.0 84 79.5S0.5 1600 44.5 82 550 15.0 1r 0
26 1.97 1740 48.0 83 530 15.0 15

_____27 1.07 1600 44.5 740 620 17.0 15 j 3

108
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Therefore, tWe subsequent tests of this material Flgure 19 [7] is an example. Compressive
were abandoned. other specimens indicated creep of the ethafoam at 73"F and 155 *F is
signifieant recoveries during 4 hr at roam compared under varybng stress conditions. A
temperature, load of t-pol static stress Indicates negligible

creep at room temperature, but the same load
Table 12 Is a summary of cold tests at condition showed a significant creep at 1556F.

-60°F. Retarded recoveries are shown under
the Immediate corapression set colunmn. These

Sare much greater than those at room tempera- Recovery
ture; silicone Is the exception. The differences

Sbetween two columns of compression sets rep- The difference between room tomperaturn
* resent recovered portions during 4 hr at room recovery and elevated temperature recovery of

temperature. Silicone indicated a complete rubbery foam such as silicone is negligible,
recovery even at -50°F. because silicone Is the most heat-resistiat ma-

tornal (Table 13). Silicone also indicated negli-
gible difference lit recovery time at subzero

EFFECT OF ELEVATED temperatures (Table 12). Silicone always indi-
TEMPERATURE cated a complete recovery immediately.

Creep All other thermoplastic foams recover
Thermoplastic foami materials creep more their original height much faster at elevated i

at higher temperatures regardless of their type. temperatures. The difference between roomi
TABLE 12

Cold Test at -50F
(Pressure Rate, 180 lb/rain)-_-_

Thick- Max Comp Comp at 50% Comp set
Type Sample ss r Ap ter 4 hrness

No. (in.) lb IPat [lb psi Immediate RT
% at. R

Silicone 1 0.55 1600 144.5 04 60 1.7 0 0 t2 0.87 1600 44.5 83 60 1.7 0 0

3 1.05 1650 44.5 67 100 2.8 o 0
PVC 4 0.5 2040 57.0 75 1500 42.0 34 12

5 1.03 1950 54.0 70 1350 37.0 42 6.8
6 2.0 1840 51.0 67 1150 32.0 32 2

Polyfoam P-12 "1 0.52 820 23.0 85 15 4.2 68 7.7
8 0.98 850 24.0 95 20 0.56 90 -
9 2.0 1600 44.5 79 20 0.56 90 110 4.01 1600 44.5 99 25 0.7 95 0

11 6.05 1200 33.0 0 5 30 0.84 91 0,

Polyfoam P-25 12 0.52 810 22.5 96 75 2.1 70 5.7
13 o.0 1130 31.5 94 7W 2.1 75 7
14 1.G3 1740 48.5 07 75 2.i 80 2.5
15 3.99 1850 51.5 99 125 3.5 00 016 5.05 2000 55.5 98 75 2.1 60 0

Polyfoam P-65 17 0.50 840 23.5 98 75 2.1 80 8
18 1.05 840 23.5 90 75 2.1 80 5
19 2.03 730 20.0 88 100 2.8 71 4.9
20 3.90 1850 51.5 97 110 3.0 75 0
21 5.96 2000 55.5 94 80 2.2 66 0

Falconfoam 22 - - - - - -_.
23 .. . -.- - .

F _____ ~~24 < K
Ethafoam 25 0.5 1950 54.0 82 800 22.0 37 2

'_26 1.0: 1970 55.0 70 800 22.0 134
27 1.97 J1970 55.0 72 850 24.0 30 5
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Fig. 19. Effect of temperaturc on comproosivc crvep
of 4- x 4- x 4-in. othafoarn

TABLE 13
Static Compression Tosts at 300OF

Comp at Comp Set
I ThlckneD• Max Comp Cm

Type sample Thicknesh

lb psi % lb psi diate Recovery

Silicone 1 0.4 1630 45,5 95 85 1.8 1- 0
silicone 2 0.92 1800 50.0 jO/ 80 2.2 0 0
silicone 3 1.08 1 2000 55.5 05 30 0.84 0 0

temperature recovery and elevated temperature f natural frequency,
recovery of ethaloat from 50 percent compres-
sion is shown in Fig. 20 [7]. G u designated G factor, and

The room temperature recovery of falcon- It = drop height (in.).
foam alter hot tests at 160'F was extremely
e anw, .. d the next wa" ethafoami as shown in Figure 21 (7) gives the relationship between
Table 14. witural frequency and static stress for four

thicknesses of ethaloann at -40°F, +73'F, and
A comparison of 50 percent compression +165'F. Tha above formula is given only to

oreso Indicated softening tendency of materials provide a rough estimate. f the estimated f,,
at 160°F (Table 15). is close to the input trequencies, a vibration

test must be performed to determine expert-
mentally the resonant frequency and effects on

VIBRATION STUDY the item.

Effect of Temperature on
Natural Frequency Vibration Toot Procedure

The natural frequencies of component The vibration test was performed using the
parts ot the packaged item have been estimated Ling 249 vibration exciter with the fixture
by using the following formula: mounted as shown in Fig 22(a). A sample-

mass-sa-mpie arragement was placed in the
_21 fixture as shown in Fig. 22(b). The plate above
Of the top sample merely held the latter in place

and did not load the setup. Restraining leads of
where nylon cord were attached to the mass to
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TABLE 14 1
Satic Compression Touts at 100*F

Thick- Max Comp Compat 50% Comp Set )
Type No.P• Ross After'4- -

o (in.) lb psi % lb psi Immodiat e
I I Re00o.ry

Silicone 1 0.54 1600 44.5 97 70 1.95 0 0
2 0.92 1900 53.0 97 60 1.7 0 0
3 1.08 2000 55.5 95 10 0.28 0 0

PVC 4 0.50 2000 55.5 94 280 7.9 10 6.0
5 1.ot) 2250 62.5 93 300 0.4 10 7.0

S.0 2.06 2450 68.0 92 300 8.4 10 5.0
Polyfoan P-12 7 0.54 800 10.0 99 5 0.14 10 0

8 0.97 750 21.0 98 6 0.14 80 09 2.00 920 26.0 10 - .,. "In 0
10 3.99 i050 29.0 96 5 0.14 80 0

11 5.89 1340 38.0 98 5 0.14 80 0
Polyfoam P-25 12 0.51 615 17.0 90 30 0.84 0 0

13 1.02 000 22 0 09 1i 0.4 50 0
14 2.05 1100 31.0 99 25 0.7 50 0
15 U114 1.:70 41.0 08 30 0.84 to 0

10 5.98 1760 48.5 98 30 0.84 8 0

Polyfoarn P-OS 17 0.51 735 20.0 98 30 0.84 0 0
18 1.01 1465 41.0 99 30 0.84 0 0
19 2.01 1600 44.5 99 30 0.84 7 0
20 3.98 1750 40.0 go 30 0,84 6 0
21 5.95 2000 55.5 07 30 0.84 8 0

_ _~~ 70. 8 7 0 8. 9 3 0 0 6 44Falonfoam 22 0.52 2300 64.0 92 - - 75 44
23 1.03 2650 73.0 96 - - 50 43

_ __ 24 . .01 2860 79.0 90 I - - 75 48 1
Ethafoanm 25 0.52 2450 --T8.01 94 300 8.4 40 23

26 1,03 2600 72.2 95 450 12.5 25 19
27 2.05 2850 79.0 94 450 12.5 12 10
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TABLE lB__5
Compar',son ol 50'O Compres~.olon Otrese

I f~mp~ 1~' ~100' F
TyP9 o .

poA lb o

_ _ 0__ 1.4 10112

MV -c__It_ 300 8.4 200 '7.0

________ coo__ _ 14.0_ 300 8.4

falyOwnf P- 12 7'1 0.14 6 0,14
£0 Ii 0.14 5 0.14 ~

6 0.14 5 0.14
105 0.14 6 0.14
116 0.14 5 0.14

Vo4Iytr~gn- Q-230 12 20 0.60 30 0.84
13 20 0156 15 0.4
14 20 oleo 25 0.7
to 30 0.04 30 0.84

__________ 10 30 0.84 30 0.84

Poý'ornP00 17 30 0.04 30 0,84
la 00 0.64 so 0.84
10 'J0 0.84 30 0.84
30 40 1.1 30 0.04

_________ 21 40 1.1 30 0.04
tIraomomoi 22 *. - - -

23 000 25.0 - -

24 '770 21.0 -

FUiatOWr, 25 000 10.0 300 8.4
20 6.30 16.0 400 12.5
27__ 020 17.0 _460 12.5

SIA O1l ]l 1I if*F ~ 1I ISP

Lf W! At~~ -A 'A I

PIN M~ k I. eum'aI Ireoiu!?iaey %'M o, I u . 1'to IAadi 0(41f tun
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counter, and the accelerometer system output I
was monitored with a true 'rms voltmeter.

""I A styroloan enclosure -electric heater
system was placed over the test setup for the
elevated temperature tests. The tomperatare
was held to within t 3VF of the required level.

For oubze-o temperature tests, the en-
closure was placed over the test setup, and
liquid nitrogen was pumped into the system.
The temperature was held to within i 3°F of the
required level.

The foam samples were stabilized at the

(a) specified temperature for a minimum of 2.5 to
3 hr before the test. The temperature wanI monitored by thermocouples accated close to
the samples being conditioned and at the test
fixture.

- -TRANSMISSIBILITY

Room Temperature Test

The dynamic responses of foam samples
are shown in Tables 16 and 17. Table 18 is a
comparison of various materials at room tem-
perature with a constant static stress of 0.22
psi. The excellent cushioning capability of
silicone is also shown in Table 16, Satnples

(b) No. 13 and 18 are used to compare the differ-
ent grades of polyfoam. Samples 4, 5, and 6

Fig. ZZ. Room temperature trnsms- show ths effect of thickness in the case of very
sibility study of foam specimens soft flexible PVC. Similarly, samples 26 and

27 demonstrate the effect of thickness in
ethafoam.

prevent cross-axis movement during the vi- Table 17 investigates the relationship be- _
bration test. tween transmissibility and weight on foam

sam.ples -at varied from 7.775 1b (G.22 pai) LoAn accelerometer was mounted on the fix- 33 lb (0.92 psi). The natural frequency depends

ture base to control the vibration input to the on both stiffness (dF "d) and weight of a body
test item. The accelerometer was the detector (w).
for a constant velocity/awceleration servo sys-
tern, its output being measured with a true rms di
voltmeter and recorded on an X-Y recorder. A f. - 3 13V Wresponse accelerometer was mounted in the

central mass, and during the tests its output
waa compared with the input accelerometer Therefore, transmissibility peak shifts depend-
and recorded on an X-Y recorder to obtain the ing on the ratio of stiifness and weight.
required t-ansmissibility data.

The sensitivity of each accelerometer sys- Effect of Temperature on
tern was checked prior to the test by subjecting Transmissibility
the accelerometers to a sinuaoid-al vibration of •
0.2C-in. double amplitude at a frequency of 44 Table 18 is a summai-y of les's a., _50OF,•
Hz to give an acceleration of 25 g peak. Vlbra- room temperature, and at + I 50°F.P Under the
tion displacement was measured with an optical specified dynamic input, the difference in trans-
wedge, frequency was measured with an electronic miscibility data was not significant.
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I TABLE 16
Vibration Study at Room Temperature

(Static Stress, 022 psi)

fample FpnMDynamic Input

No.__________ [I~tc n Peak MYz) 0 0 /G1
(Hz) (W)

3 Silicoae, I in. 5 to 20 1.25 to 5 7 6.5
20 to 50 10 0.5
50 to 250 20 0.09

13 Polytoam (P-25), 1 in. 5 to 20 1.25 to 5 10 28
20 to 50 10 0.3
50 to 250 20 0.1

10 Polyfoam (P-65), I in. 5 to 20 1.25 to 5 9 5
20 to 50 10 0.4
50 to 250 20 0.15

I 4 PVC, 0.5 in. 20 to 50 10 50 24
50 to 250 20 0.7

5 PVC, 1.0 in. 20 to 50 10 28 7
50 to 250 20 0.3

6 PVC, 2.0 in. 20 to 50 10 24 6.5
50 to 250 20 0.5

26 Ethafoam, 1 in. 20 to 50 10 35 16
50 to 250 20 1.5

27 Ethatoam, 2 in. 20 to 50 10 50 2.5
50 to 250 20 1.2

TABLE 17
Vibration Study at Room Temperature

(Static Strpes, 0.22 to 0.92 psi)

Sample Mass Satc Dynamic Input PeakNo. Master, tl (lb) Stress - H ) G o/Gj
(psi) (Hz) (g)

13 Polyfoam P 125 7.75 0.22 5 to 20 1.25 to 5 10 2020 to 50 • A V •

_50 to 250 20 0.1

12.25 0.34 5 to 20 1.25 to 5
20 to 50 10 38 23
50 to 250 20 0.15

13.25 0.48 5 to 20 1.25 to 5 10 8.4
20 to 50 5 3,0

50 to 250 10 0,15
33 0.92 20 to 50 5 20 10

50 to 250 10 0.15

27 Ethafoam, 2 in. 7.75 0.22 20 to 50 10 50 2.5
50 to 250 20 1.2

12.25 0.34 20 to 50 10 25 5,5
S50 to 250 20 ] 1,0

17.5 o.4A8 20 to 50 5 20 12j 0 50 to 250 10 0.5
33 0.92 5to 20 1.25 to 6 R5 120 to 50 5 1.2

50 to 2S0 10 0.3
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TABLE 18
Effect of Temperature on Tran•miusibblity (0.22 pat)I Temperature Dynamic Input p eak

Material (1?) j (liz) {g) -- ___(Hz) I_ /

Silicone, I in. .50 5 to 20 Y..25 to 6 7 2.4
20 to 50 10 1.0

4100 6 to 20 1.26 to 6 10 2.4
20 to 10 10 t1O

Polyfoa1, I Il. -00 20 to 50 10 2- 2
(P-12) 50 to 260 20 - 6 2.5

+100 20 to 50 10 25 1.7
_0 to 250 20 - 0.3

PVC, 2 in. -50 20 to 60 10 401C.
50 to 250 20 -1.

I.20 to ,50 10 20 7

,•oto 250 20 - 0.5
+100 20 to 50 2O 5i 10

_0 to20 20 - 0.2

PVC, 2 In. -60 20 to 60 10 41 2.7
50 to 250 20 - 0.0

_.T 20 to 50 10 24 0.560 to 200 710 -- 0.5
100 Zo to 00 10 25 13

50 to 200 20 -- 0.2

Ethafoum, 2 in. -60 20 to 60 10 22 6
S00 to 250 20 -- 0.00

SRT 20 to ,50 10 0 2.0
60 to 260 20 - 1.2

100 20 to 00 10 20 12
60 to 260 20 _. , 0.20 ,

CONCLUSIOHB Converoely, rigid polystyrone =nd flexible PVC
have poor visecolaotic capability.

The modulus of high polymer materipla $5
extreonely sensitive to tomporaturo varlationo. 3. MTood on otroof-Otrain relatiornhip at
Thorefore, a niudy was made of the temjvra- va'no1jr.u t(:Ppor-turco, the mattlolo:t wora
ture effect on the viocoohtotic behavior of high divided into tlree types.
polymer niatorialn ouch u i flexible upon-cell
rpolyether-uothwic. floxiblo looed-coll )poly- 4, Five atagen of streao-otraln roelation-

t3thyilno, very soft elooed-coll polyvinyl- ohip wore clearly demonstrated for three types
chloride, rigid polyotyrono, and rubbery uili- of high polymer materilsb.
cone foitms.

o o. ',ho vibrational rosponso of idWh poly-
The scope of tho atudy included (a) cholmo- mor foam matorials can bo at leaat qualitatively

rheo.lot1eei wnalysio, (b) ')ree typon of otroso- predicted from the above static rtudy, ard by
otrain curvos, (c) quantitativo antlysiO of hys- using the following formula:
St'orefa diagram•, (d) timo dependent rcvovery,
and (e) vibrational trantmissibility. /dV/d,

! ~~~f, =- 3. 13¢•
lThe following concluolons Were obtainod:

Ob However, 1.4wrousO of Go many variables in
S1. LOw tornpe~ o eliffoning w&O obi- practilti, conoidor.bly more dynamic datt Ate

served in all materiato. needed trader oo of ninmulted vorAbltionoS2. Silicontu indlcaten the boat htight torn- althoughl auub{ a~irauhtion In very time con--
[ ~~parature anod o ubzero cuohiorting crapability, hoig
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BROADBAND EXTENSIONAL DAMPING MATERIALS I

Donald R. Blenner and ihomas J. Dudek

Lore , anufacturing Company
L'rie, Pennsylvania

High polymer extensional damping materials, wý ich have been espep -'ally formulatad to possess
ve i y high internal damping properties over lin-.ied temperature and frequency interval$. have
been used extensively as additive treatmiente to control resonant responses and to attenuate
noise radiation and noise propagation in vibrating structures. This paper reports the proper-
ties of a now series of damping materials (Lord EXLDS00), which effectively double the tem-
perature range and increase the frequency range over which damping effectiveness (expori-
mentally determined on coated beams) is maintained at a high level.

Criteria for comparing the effectiveness of damaping materials are used to indicate the progress
that has occurred in the development of various damping materials over the past 15 years.
Because of the marked temperature dependence of the damping effectiveness of viscoelastic
damping materials, one should always compare the relative merits of various damping treat-
ments over a temperature range appropriate for the application under consideration, Data are
presented to show that the temperature bandwidth of "effectiveness" for a damping material
is usually more is-portant than peak damping proportion.

A comparison of composite loss factor data obtained on standardized steel test beams uni-
formly coated with 30 percent by weight of various extensional damping materials shows that

the temperature range (temperature bandwidth) over which the composite loss factor (qj) ex-
ceeds 0.1 (percent c/c. > 5) has been limited to about 50'F. In the same test the now "broad-
band" materials have effective temperature bandwidths of 80'F. The increased temperature
bandwidth of these materials, which has been obtained without decreasing the peak damping
levels available, makes then practical damping treatments for many outdoor applications.

Predictions are made on temperature bandwidths and peak damping levels that can be expected
as a resul, of future development work now underway on extensional damping treatments.

INTRIODUCTION temperature and frequency ranges (that Is, var-
ious materials are readily av"alable to match

To improve fatigue life problems and reduce the speciiic rcquirenieiat of almost any •truc-
acoustic n.lvse transmission mid reradiation, tural application). Additive damping treatments
vibration damping materials have been used for have been employed to reduce noise and reso-

mapy years to reduce resonant vibration ampli- nant vibrations in aircraft and missiles, rapid
Ludes in metal structures. The internal damp- transit, ships, refrigeration units, home appli-
lag *,herent in viscoelastic damping materials ances, automobiles, and machine enclosures.

to responsible for the dissipation of mechlah' pr

vibrational energy to heat. The purpose oI this paper to to describe the
properties of a recently developed series of

Damping, materials, which are applied to broad temperature range, broad frequency range
structures as coatings, are referred to as ox. extensional damping materials, and to compare
tensional damping material I1I and have been the effectiveness of these materials with that of
commercially available for over 15 years. typical commercially available dArmping mate-
These materials are particularly attractive be- rials, taking into account the temperature mid
cause they can be used to add damping at opti- frequency dependence a: the damping properties.
miui locations In a structure (that is, they are The comparative study iadicate• the progressl
easily applied where they are needed) at a rea- that has been made in Ute devclopmemmt of exten-
eclable coot, and they can be formulated 121 to olonali damping materials over the last 15
meet specified damping requirements over most years.
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CRITERIA FOR EFFE'ii7IVENEF-S'je -f the ttt!l't in

COMPARISON OF DAMPIING vx 1 ,erim-ttal vr'ocedtire& udIn d-~ icst miethod
MATERIALS are Av ailable 0els0wher, 14) Brief~v lienel

is similar to that developed by Otwrst 11and
The loss factor of a damped composite uses a metal cantilever beam that is coated oin

structure IIJI Is a measure of the amount o' en- one side with a layer of viscoelastic material an
ergy dissipated in it per vibration cycle and is a test specimen. The test specimen is sub-
probably Lthe most useful criterion 131 for corn- jected to a harmonic wdocc of fixed amplitude
paring the effectiveness of different damping (generated by a magnetic force transducer) at
treatments. Mead 131 han pointed out that other its free end, and the frequency responae of the
criteria, which Include specific effects of the bar io monitored by means of a second magnetic
added mass and stiffness of the damping treat- transducer. Composite loss factors are deter-
ment, are Important when the stiffness of the nimined at the resonant frequencies of the test
structure is significantly increased by the addi- bars by measuring either the time rate of free
tion of the damping treatment. However, for decay of the resonant vibration or the half-
practical additive weights of damping materilis, power bandwidth of each resonant peak. The
the increase Jin stiffness of tWe system is uou- complex dynamic modulus of the viscoelpatei
olly quite small, that is, up to 40 percent added coating material 1E* E* 0 +1011 can be com-
weight to steel and 70 percent to aluminum. fluted using this experimental data. the geometry
Hence, a cornporison of composite loss factorn of the test bar, and properties of the uncoated
of metal bars uniformily coated with equal bar (51.

f (marrfll) weights of dtfferent extensional damp-
Ing materials in suifficient to determine tlteir The test bars used in this investigation were
relative merits for the suppression of structural 0.25 'x0.30 x 0.032- In, steel bars and/or 10 3/4 x
response, that Is, resonant vibration amplitudes 0.30 x0.00 I-tit, stool bars that were coated with
(displacemnent, velocity and/or acceleration) and about a 30 percent added weight of damping ma-
sound transmission Pind radtation. torial (to Rllow comparisons at equal weights of

damping treatment). The damping materials
In addition, loss factor coniparibons (on an were applied and bonded to the steel bar to ac-

equal weight basis) should be made over a range cordance with the Instructions of supplIors.
of temperatures and frequanciea, because In
practical applications overall damping material
effectiveness depends on the temperature and RESULTS
frequency ranges over which the loss factor re-
mstans above a minimum level (which varieb Composite Loss Factor Results

withthe pplcatin).Typical Compilex Modulus Apparatus test
The practical problem, so far as the design results are shown in Fig. 2 were the composite

engineer I& concerned, is to select the minimum loss factors of a steel bar coated with a 30 per-
weight (and/or cost) of an additive damping cent added weight of EXLD500 damping nmaterial
treatment that will provide the required damp- are plotted vs frequency at various tempera-

lee ove sp....~c rage ol ures. From' Fig. 2 it is seen that at low tern-

temperature ~ ~ ~ ~ ~ in an rqec.Ufruaey hs ratu rve the co mpos ite loss facto is low with 4 ý_

dutj prseatd i ths reortwil sho tht u factor Increases to a peak value and thien de-
detaledknoweft of(lietemeraure nd re- creases white the frequency dependence of the

queny dpendnceof he dhmp~g ffeciveess composite loas factor changes from a. negative

essential to make a valid judgemnt-t on relative
performance/cost effectiveness rtdings for Thisl characteristic behavior of damiping-
damping materials. material-coated test bars Is shown more clearly

In Fig. 3 where the composite loss factor data
from Fig. 2 are plotted vs temperature fn~r I -e-

EXPFRllMENfALI (ueiicieu of 100 amid 1000 lIz. Figure 3 iihowo
that at 100 liz, a steel bar treated with 30 per-

DampinK properttes reported in this paper cent added weight of EXLD50D has a peak loss
were deternin~ed over ranges of temiperature' factor of 0.23 (11.5 percent c~~c.) at Wtf- and
and freqvency using the M~K Model 3930 Comt- that the loos factor Is 0.10 (5 percent c/c 0 ) or
pdex Modulus Apparatus. A schematic diagrani higher over the temperature range of 16-96'1-'
of this app-sratuo io shown in F~ig. 1. More (a temperature bandwidth of about 80'F). At

I' !.200
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Fig. 1. Schcmatic of B&K Complex Modulus
Apparatus, Model 3930
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Fig. Z. Composite lose factor vs frequency at
various temperatures (*F) for a steel bar uni-
formly coated with 30 percent added weiaht of
EXLD500

1000 Hz, the qc vs T damping curve is seen to the composite loss factor exceeds 0.1 is 25 to
shift in the direction of higher temperatures. 1150F or a temperature bandwidth of 90"F.
However, it is important to note that the fre-
quency change effects a change in shape of the From Fig. 3 it is also seen that if a corn-
damping curve, that is, not just a horizontal posite loss factor of 0.1 is required for a 100 to
translation of the 100-Hz curve. This is mainly 1000-Hz frequency range, the effective tempera-
a result of the increased frequency dependence ture range for a 30 percent added weight treat-
of the modulus of the damping material at the ment of EXLD500 would be 25 to 9E5F (or a AT
higher temperatures. At 1000 Hz, the peak of 706F). If effective damping performance is
damping temperature of the EXLD500 (30 per- required over a broader frequency range, for
cent added weight) coated steel bar occurs at example, 102 to 104 Hz, the effective tempera-
75 'F, and the temperature range over which ture range of the damping treatment would be
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Fig. 4. Real part of the complext dynamic
Fig. 3. Composite lose factor ve tern- Young's modulus of EXLD500 as a function
perature at 100 and 1000 Hs for a steel of frequency at various temperatures (IF)
bar uniformrly coated with 30 percent
added weight of EXI.,500

decreksed to about 600F, that is, the effective
temperature range would be about 35 to 950 F.

Although all damping material treatments ,"
generally show the same qalitative behavior
as EXLDSO0 in Figs. 2 and 3, it will be shown- , -1
that significant quantitative differences In tern- "0--Ioperature bandwidth and effective temperature 40-''''•+Orange properties do exist among different ma- -_

terials; these differences can be traced back to 0.o
important differences In the temperature and
irequency 4oendeace of the dynamic properties 0.
of the different materials. F

Material Dynamic Properties- o.0 * , ,.. . .1,,, . .... ,1-1
iXLMDS00 ,t0 1000 oooo

FRE0UEI4OY Ikertz)
The theory developed by Oberst and rrank-

enleld [5] was used to compute the dynamic me- Fig, 5. Loos factor (E2IE 2 ) of EXLD500
chancial properties of EXLD500 from the corn- as a function of frequency at various
posite loss factor and resonant freqtuency data temperatures (JF)
determined with the Complex Modulua Apparatus.
In Fig. 4, the results obtained fi. the real part
of the complex dynamic Young's modulus (E')
of EXLDS00 are plotted as a function of Ire- over the range of temperatures and frequencies
quency at varions temperatures and the material studied, that Is, 0 to 105°F and 25 to 200 Hz,
loss factor (q 2 = E'y/Et) of PXLD5CO is plotted one can compute the composite loss factors of
as a function of the same parameters in Fig. 5. a bar c,)ated with any thicknens of EXLD500
With the material properties of EXLDS00 known over this same temperature/frequency range.
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EFFECT 0or EXI.D00 TREATMENT to bo appliedt to tho dtlruowt TWO M~'h fist limu
WEIGHT ON COMPOBITE 1,009 dAMping r~iktarlill Voiellt ireqUIi'6MOft 091 b
FACTOR V15 TEMPERATURE antinmntod Without dif[~ty 011 dttlogcrvo# IaM

those in Fig. .6. It ahoxild be ear from Thit
In Fig. 6, the coriipotitto loss factor va Will- han alros~y bion @%W ft Illsth bioador the of-

perature curves at 100 l~z, computed for otefil factivo tol"ParAtura ruige Of at Malarial. th#
bare coated with varioue added wolillitil (6.1, 10. timaller fliu tvidaoiwiuiaii roqtirodtoonCoImpeof
20 and 30 percont) of EXID500 dampiing mataý tho tornporature mid froquoncy requir~orsant..
rial, are ohown. An exiected, Whe rtungo of torn.
iperature (temperature batdwidth) over whiichI It 16 poofilblO to doinadig o tio (ctivu b
tHie cornpooite logo factor excuedo ( fivipcifirl IrU ert reingl 0! 4t f!'T101rito fn! 1My !equfrA
value, for oxamplo, 0.10i to a function of the loval of hronponitateoo@ Iuinfor Wdmninef And
amount of damiphig mnaterial applied. It to Mauo addad wegight, Aviolrnoilva "oAunviv d~anoro"
interestlig thttin' the Nnperutovo of porsk drimp- Aril All tiXAMP16 Of 4AMtPIVIa MRI.,rINJi that At*
ifig io aloo a funiction of tho flibllOint of dirniping tooted 101 and cimpirod t 5.1 preront "aAOd
material addod, for example, peak dunipiung weight on aotol and tompirailur# ImAn~dtidt Mt
oi'curs at 40*F for a 5.1 porcont EXLD500 trn3#td a Gviumixilto flois fActlor lava) o Oi 0,00 (or joss)
inent weight and at 50 'F for R 30 peircont Itroat. Apo ud as noOng milasirsof u~~t OJG1 oufoliviu
ineiit wkilght. noonS. Vii~rraBoi iminiping n~nll u 'U

?IIIy' nltitp [JiIapplclOfl!i r# t'oo'w' 61 *iintit b
porcont M~do waight on ateel WWdItia tempfro,

0.3 F--7 ture range oavr which 1110 comp.9alte loan lie-

Do% otr oxcocdn 0.1 (6 puradut o/us) In of lufatobt.

o / pT 1IMPERIATURR!
"0 .1 - Mal

- - - 'rho 1IRtLDOOO broaidaNd diumping rnst-priein
* / ~ a" DO fotrmulated to Moillion 0.0 Doa dampng~N

U) ~and NOV~1. Vdais is Iluunrirute in Pig. 7 where
X~e the cumloinato lono (Rotor Y# tompuratura oun,.s

u - at 100 liz are plolttd for stool bora sooild (00
U l~tflI~'~i~lParcent addod Weight) with thtroo 0ummardially

- Available Aproyabis dahmping matorioio Will)

IzLkOO) 85O a IVY (0101), mod 1301V (LD11JDOI).

0 o 40 Go -go Iavo TIMe mator000 IarenA0116 fUlI~llr ahsrA-

1&UPC~A11J~a. ' nIoorpilon mali Prof fl~wo vetowipiit.

Fig. 6. Crarpoulto loop' fictoIr Yr.
tomperature at 109 lip. for a .teW,
bar coated uiformly with vaiicuo COMVARWOF4 OF 1;xLIOOLJ.'rVi'i
weights of EXLID600 DAMPENG MATIIII!AL WIT11

OTlHlt MA'rInmA1,

Vie havo found that dasmpifte prop-rtifiv fiv)
bin Fig. 0, dthfA could hanve aluo boon Inelvilgd by dgiournt411d (O" 41 bfloI4j0' Ipa BII

at 1000 fly, at 4eAch addod weight of dainping mmn- tanlgo witil left bar aratl C1141With 410&a to $O ppr,
tonfal. This was not dono btecaunv. it would lunvq ceni added woirht of dwrili~ng mytjrial. Alwo,
made Interpretation of the figure difficult bro. we have found it eonvautiunt to define Iamp.i'li
caulle of overcrowding. WotbuiivIMJWJII to the torpniraturf rIjigo evar

thi* fl noinpooite lens Nootor oa 01 0oao.ti 4o
""lieo bovf; of dillopin,. and teuir-piAturk! Arid -ornee U__ u~tt)~te ~~ cmeU

frequency mingo of Intuoren to dolriiorddnal th e-
apecific 1%pplicatioll for 1110 'Jfuugli~nu naiktoriltl lto frig. 0, 1110 datinhnne 4113moII5D4'I of 100 1
The frequency aivd tompuritturo range r'aquiro- Itz of 1,011504Iis ouipitrod with Upitt of a 17)017
ment for At duniped atrueture doterinnello tho vinyl avctvlo (PVAe) wstfor-banei commurdnh1-Il
mininfrum arnount of damping mutarialiftint fian fvahiabin "PrISY01n0lu arterlia. aliA ) Wll that11
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0.) ~ ,-- ~ ~ - them in 1904. It to Mloo intorenting to point out
LofLot4 8~0S0 to! 403 thot ft 2.0 percent added coating weight of LDS501

0Ai - would hava a temporature bandwidth of more
ifian 40T1, but with a peak damping level belowV

jLý rig. 0, the damping offectivoneos of
- L013600 to compared with LD403, a Lord Munu-

facturing Co. vibration damping material sup-
plied in oheat andi tile form. Again, the broader
temperature bAndwidth capability of the LDS500
lit 0(early evident. The ID403J material has
dam"ping properties comparable) to the hMRC-
0Q4 ilamplog material developed by Balal and

rv.,I.*viI O 8lyor 10) for the U.S. Navy.

Wit- - o 011im~u~II 1,

il Ito 00 10 to 110 161) Iso Piviornvy 1 100 I',rts L tD
i !tt*hA OIL,4o2 ubr 1 30. add~i U~d0~

LF11, 7. ]Damping eiflositivename og
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temperature 'frequency range cap~abilities when
compared with present state- of-the-art mite-

0.2 EXiD50.

Viscoelastic daniping materials are used
primarily because of their broadband frequency
temperature damping capabilities. If these

prperties were not required tin an application.
a tuned damper would probably be w'ore eflf-
dient. Temperature bandwidth datn are required

J 4 for the selection of minimnui weight damping
treatments that maintain a specified damping
level (or higher) over the temperature and fre-

0 Freuecy 10 heftsd~ quency ranges of interest. Hence, temperature
Z ~bandwidthts, defined in this report as the tcnm-

0

factors of test bars coated with 30 percent addecl

0,01i L 1 weights of s,!rl-ur 'linnping niawriais are equal
-GO -W 0 MO 60 ý0 w~ ISO to or greater ihan 0.1. are an imporiant char,-I

TEMPERATURE, -Facteristic of damping miterials (but often ne-

Fig. 10. Damping effectiveness of glected on product data sheats).
E.XLDS00 compaied with a 1aOxt- A conmparison~ of composite loss factor vs
generation damping material now temperature curves determined at 100 Ilz on

unde labratoy deelopentstandard test bars (30 percent added weight on
steel) for several conmme rcially available d-amp-
ing materials shows that materials. which were
available on the market during the period 1955-

very broad temperature bandwidths (for exar%- 1967, can be characterized by temperaturp
pie, high performance aircraft applications). bindwidths of 40 to 50lF and peak composite
Figure 10 compares the damping properties of loss factors of 0.15 to 0.25. The new 1,1500 type
a broadband damping material, which ir still in materials are characterized (using the same test
the laboratory phase of development, with those methods) by temperature bandwidths of 70 to
of EXLD500. It is seen that the next generation 80*F and peak loss factors of 0.20 to 0.25. Ex-
material produces a loss factor of 0.095 or tensional damaping materials with temperature
higher over a temperature range of -65 to 95*F bandwidths of 150 'F should be available in a
(a temperature bandwidth of 160'F) at a 30 per- few years.
cent added treatment weight on steel; however,
to accomplish this, peak damping had to be If nmaterial effectiveness comparisons are
sacrificed, made at different frequencies (for examplle, 100

Hz) oz- with a different standard tcst har !1(;~r
CONCLSIONSexamipie, 5 percent or 20 percent weight of

damping mnaterial), differtent tt'mpt'raiturt' band-
A new: class of LD500 damping materials widths would be, obtained, but the relative rank-

has been shown to have significantly broader ing of the various niateri-its woutd not be altered.
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DISCUSSION

D. Thrasher (B.F. Goodrich): If I recall Mr. Thrasher: Considering the relaxation
Oberst's expression for extensional damping mechanism in any polymer, to broaden the re-
correctly, I do not see how it predicts a shift sponse like this you effectively are increasing
in the maximum damping with temperature. If the distribution of relaxation times. Yet, if you
I remember, the expression includes only thick- spread out the distribution function then the
ness ratios and the moduli, and so forth of the maximum loss factor should decrease. You
material. None of these factors would account show a very, very small loss, and I really do
for shlftirc 4h^ .eak damping with temperature not understand this eith-r.
as you increase the thickness.

Mr. Bleu'.;;. This is the secret of our ma-
Mr. Blenner: The values that we obtained terial. We have overcome this particular effect

were actually run through the Oherst equations which is characteristic of most damping mate-
and computed from one added weight. What rial. On some of those slides you noticed that
really happens is that, at the lower added weight, we did sacrifice any peak damping, except for
the predominsnt characteristic io the stiffness the last material that we talked about. Wits all

of the viscoelastic material. As you increase .ott -r compounds that we show, we n.aintain
the thickness of the damping material, the thick- t,. peak or the maximum damping that could be
ness effect of the treatment is beginning to dom- attainable. This is probably unique to this par-
inate. Also, from the nature of viscoelastic ma- 'icular class of materials because they depend
terials, the material loss factor normally lags on a completely different kind of mechanism.
the composite loss factor. In other words, the It actually broadens out the relaxation mecha-
material loss factor will normally occur at a nism that you are talking about, without sacrific-
higher temperature than the composite loss fac- ing any of the peak damping attainable.
tor. So as you Increase in thickness you begin
to approach the material loss factor just as Mr. Thrasher: Then you do not have a
though there were no steel there. This normally standard copolymer material. You must have
occurs at a higher temperature. added something, otherwise you would be defy-

ing the laws of nature.
Mr. Thrasher: You are saying this is due

actually to the extensional stiffness factor? Mr. Blenner: Thai. is right. The basis for
this Is reaely now composition which, of course,

Mr. Blenner: That is right. is company confidential.
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A SINUSOIDAL PULSE TECHNIQUE FOR

ENVIRONMENTAL VIB3RATION TESTING

James T liowlelt and Dennis 3. Martin
NASA, Langley Reecarch Center

IHamptoni, Virgtnia _

Currd'ntly, many 'nvirononentail teata, are baed on shuock spoctra and Ehe test apec-
ificattons frequently require a olowly swept smnuooidal input. For this type of test,
the input amnplitude required to produce a rospoine, equivalent to that resulting
frorrn a tractvlent is highly dzpendent upon the damping of thte oystem undcr test.
The procedure that 16 usually folhowed in hateed on a Aingle value of damping ind
renulto in a conaiderable, overtent of low damped syetems,

This paper proposes a teat method that accounts for the variation of response with
damping. The teat Input consists of n apaced ooquence of elnusoldat pulssa, The
fiequency, amplitude, and number of cycles of oach pulse are selected to adequately
meet opecified shock opectia for varioa, levclu of damping. Application of the
method to a. realistic t at opeclftcrzion lndiuatec a uignifliant improvement Over
01ow-swoep procodur.

INTRODUCT71ON1 * 2,1 "1(• - "), (x.-2 X 0.

Many current environmontaJ vibration teats 1. n (1)
Intended to sLmulate tranaients are based on
shock spectra. The 6peci|icatrono frequently
require a slowly swopt sinuooliil input with the k
meot a specified shock spectrum based on only

one value of damping. One dlfadvnttage of this
typo of toot is that the Input anpllttdde riqukr- d
to produce the doelred reopollno at a patrtIltll.otr 2 t-.v.
Urequency is highly depeadent upon the dtniph.g
of the system under test, 'T'o avoid underteot
ing, the Inputt amplitude i1f ub.-alIy based on the It shoubd be noted that thie results of this pipor
hifotest valu* of damping pre-o-nt, As a reault, are appicable only to systems of the form iI-
oyatorxw with low values of damping are m- luotrated in Fig. 1. A6 shown In Roe. 1, thKe re-
"verily overteoled. etjltii Should not be applied to other eystemo,

ouch as more general roultidegree-of-freedom
Thiu papur presents a teot .mothod that Oynterlo.

overcomes the above ditficulty, ThQ. teot
methrd produces reopontvm Iowlii that aoo-
juftteley ize~et ote'.ifiei toci ol'.ctr'a lot' varl-
oun levels of damping,oo+,,9o 0oro ,t,",ern t" m I

Conolder tho uystem sly.'/i In Pig. 1. 'T'hie
oqutatio•ni Of 1t1O7lU0 at1'e Fig, 1. Phv-ical oyatem
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Let y, x a - •. Then Eq. (1) becomes Iff4, -FLIGHT DATA

2- 12 SLOW SWEEP ADJUSTED FOR SVSTEMS

(2) HAVING 0 -30
SAePLIED TO 0.30 --- --

10- -- APPLIED TO 0- 10 -- 0.10 530Damping is frequently specified in terms of Q, --- APLED TO 0- -

which is defined as Q -/2-.. In the shock e ---• ----- 5

spectrum method, the initial conditions for
Eq. (2) are assumed to be 6-

y 1(o) 9(0) ro0 (3)

Tho response shock spectrum for a partic- 2- -

ular motion input to a system is determined
from the maximum response of a single-degree- 0 100 2o0 300 400

of -freedom system having a given damping and ig2Soca,
frequency. The maxin-um response is found Fig. 2. Shock spectra of slow sweep
for sevex-,. single-degree-of-freedom systems adjusted for conservative response in
having the same damping but different frequen- systems having Q = 30

f cite. These maximum responses may then be
plotted vs frequency to determine the shock
spectrum. For environmental vibration test
specifications the maximum absolute accelera-
tion is the variable usually considered. The 32
test specification is obtained by enveloping the
"shock spectra of all significant flight inputs, - ------

24 /
The input tha4 is used in the environmental ---- -FLIGHT DATA

vibration test is that required to produce re- 14.6 20- SLOW SWEEP AOJUSTEO FOR SYSTEMSI£ H AVING 0.10
sponses equal to or greater than the desired a e -APIN T 0.30

response shock spectrum. In this paper, all 0000-2 --- APPI.I ED TO 0- 10 0-10 O S30

inputs are acceleration time histories at the 2 .... 5I.D 0-

base of the system (Ri).

"A slowly swept sinuaoidal test input is fre- 4-....

quently used to satisfy the above requirements. 0- Ita 20 00 400The amplituda is adjusted to satisfy the test FRE0UENC, Ht

specification. For this type of test, the input
amplitude required to produce a desired re- Fig. 3. Shock spectra of sloW sweep
sponee at a particular frequency is highly ue- adjusted for conservative response in
pendent upon the damping of the system. at that systems having Q r 10

frequency. Although the input amplitude of a
o slow-sweep test can be adequately specified for
one particular value of damping, the hiput am- adequate. However, if the systenvs being tested
plitudo so selected is inadequate for any other have a Q of 5 or 10, then the response levels
value of damping. Some examples that illus- are seen to be too low. Hence, the test levels
trate this point are shown in Figs. 2 to 4. In are too low.
Fig. 2, the solid lines indicate response levels
to flight inputs for three different assumed Figure 3 shows the shock spectra for a

values of Q. These response levels Lre similar test input adjusted to produce conservative re-
to those obtained in deriving test specifications sponses in systems having a Q of 10. As Fig. 3
for Lunar Orbiter. Although the flight response indicates, ii the systems being tested actually
levels for Q's of 10 and 30 are shown as a sin- have a Q of 10, then this test input produces
gle curve, actually the levels for a Q of 30 are adequate response levels. If the systems being

* very slightly higher than those for a Q of 10. tested have a Q of 30, the response levels are
much higher than desired; if the systems being

The upoer dashed line in Fig. 2 ts the re- testea have a Q of 5, the response levels are
sponse level for a slow-sweep test input which too low.
is adjusted to produce conservative responses
in systems having a Q m 30. If the systems be- To assure adequate response levels for all
Ing tested actually have a q of 30, then this in- three values of Q, the amplitude of the slow-
pit test level produces response levels that are sweep test input must be based upon a Q of 5.
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I

I

ALD 50EE r0,TE SYS $SI'5 HAVING Q0-
S~~APPLIED 1D0: 1'0 •S•APPLIED TO O" 5O --40 -

40il
S 32 .

24

rtoI c ucY, it,

Fig. 4. Shock spectra of slow sweep
adjusted for conservative response in
systems having Q 5

I

The response levels for this case are shown in natural frequency of 20 Hz was subjected to a
Fig. 4. As the figure indicates, the response varying number of cycles of sinusoidal input
levels for systems with a Q of 10 are almost with a frequency of 20 Hlz, Figure 5 shows the
twice as high as the flight response levels for variation of the maximum response as a tunE-
a Q of 10 and the response levels for systems tion of the number of cycles of sinusoidal input
with a Q of 30 are more than five times higher for four different values of Q. For one cycle
than the flight response levels for a Q of 30. of input, the maximum response of the system
Thus, systems with Q's of 10 and 30 are se- is practically the same for all values of Q

verely overtented. shown. As the number of cycles of input is in-
creased, the curves begin to disperse until the

For systems of the type shown in Fig. 1, steady state values are reached. This phenom-
several of the springs and inasv.es may have enon can be used to provide an environmental
the same natural freqi'ency, but the values of vibration test that accounts for the variation of
damping may be different. Also, the damping response with damping. I
of a particular system may not be accurately
known. In these situations, it is highly desir- As an example of the procedure, suppose
able to have a test input that will produce ade- that response shock spectra envelopes of flight
quate response levels for various values of data have been computed for Q's of 5, 10, and
damping without severely overtesting any sys- 50. Suppose, further, that the shock epectrun,
tern. As the above examples have shown, a levels for a Q of 10 are 59 percent higher than
slowly swept sinusoidal test input cannot ac- the levels for a Q of 5 an< the levels for a Q of
complish this objective. 50 are twice as high as the levels for a Q of 5.

An inspection of Fig. 5 indicates that for a sys-
tem with a natural frequency of 20 Hz, 4 cycles

SINUSOIDAL PULSE TEST of slnusoidal input will produce the desired
variation with damping. The input amplitude is

SThe above overtesting can be overcome by selected so that test levels are higher than
Stesting at a sequence of discrete frequencies specification levelr for all three values of

Instead of using a continuous sweep. For a damping. Curves similar to those in Fig. 5 are
particular input frequency, the response of a easily obtained for other values of frequency
system to a sinusoidal input is dependent upon and damping.
the number of cycles of inpuat. If the number of
cycles of input is numerically equal to the Q of
the system, then essentially steady state condi- APPLICATION
lions are obtained. if the number of cycles of
input is less titan the Q of the system, then the The procedure has been applied to the test
variation of the response with damping will be levels given earlier. Because, as shown by the
shown to be less significant. A system with a flight data in Fig. 2, the required response
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40 50 4

NO. Of ' ,S OF INPUT

Fig. 5. Variation of raximum rvapoa~c
with number of cyclen• of input for various;

values of Q

levels are very nearly the same for Q a10 adj TABLE I
Q - 30, and only 20 percent less for Q a 5, it is Test Input
believed that this example is as difficult a case
an would ordinarilv be.encountered. Iput Input Frequencles

Frequency Amplitude TeSted
As indicated by Fig. 5, the test input may (Hz) (g) (Hz)

consist of a single cycle at each of the neces-
"eary frequencies because the specification 5 1.90 5-7
levels are practically equal for all three values 8 1.90 8-10
of Q over the frequency range considered. The 14 2.33 12-18
aoctual discrete frequencies used for the test 20 2.36 20-24
input were selected &a explained below. The 26 2.48 20-30
only requirement is that the shock spectrum of 32 2.63 32-38
the test input be at least as high as the specified 40 2.80 40-48
levels for all three values of Q. The following s0 2.93 50-62
procedure was used to determine the test input. 64 3.05 64-86
An input frequency was selected and the shock 88 3.05 88-120
spectra were computed for the three values of 122 3.06 122-100
Q for a single cycle of input with 1 g amplitude. 168 3.00 168-210
Based on this information, an input amplitude 230 3.30 212-260
was selected that produced responses slightly 280 3.58 262-296
higher than the required levels over a small 325 3.00 298-374
frequency range. This process was continued 400 4.20 370-400
until the entire frequency range had been coy-
ared. flvw w. tho rez.t--re---o-en y..

first try. No attempt was made to determine long enough to allow the systems being tested
the optimum combination of test frequencies to undergo about 00 cycles of oscillation. With
and amplitudes. The final test input is a series this spacing the total test required slightly less
of 16 shnmsoidal pulses, each pulse consisting than 0.5 min, which is approximately one-third
of single cycle sine wave with a specified fre- of the time required by a four oct/rmnm sinus-
quency and amplitude. The actual frequencies oldal sweep.
and amplitudes are shown in Table I along with
the frequency range tested by each pulse. The results are shown in Figs. 6 to 8.

Note that for all three values of Q over the
To avoid superimposing the responses frequency range considered the shock spectra

from consecutive pulses, the pulses must be for the test ikput are slightly higher than the
spaced a short time apart. The apace between required levels. Comparison of these results
consecutive pulses should be based on the with the slow sweep levels indicates a signifi-
highest value of Q. Preliminary studies indi- cant improvement. The siue pulse test pro-
cate that between consecutive pulses the ova- duceo response levels that are very nearly
terns being tested should be allowed to undergo proportional to the levels received from flight
a number of cycles about equal to twice the inputs. All systems are conservatively tested,
highest value of Q. For example, in the pres- but no system is subjected to a drastic
ent case, the time between pulses should be overtest.
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Fig. 6. Shoc pectrum with Q =
for difsrete fre•uency inputFU
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Fig, 7. Shock spectrum wvith Q a 10 Fig. 8. Shock spectrurn with Q - 30
for discrete frequency input for discrete frequency input

CONCLUSIONS resultu 'Ind1'ate a significant miprovemrnt Over
slow sweep procedures.

A test metIhod that accounts for the varia-
tion of shock spectra with damping has been REFERENCEpresentbd and applied to a realistic test 6j*ec-

fication. The test consists of a spaced sequence 1. J. T. Howlett and J. P. Raney, "A Now
o n ilule with the frequencies and Approach for Evaluating Transient Loads

of sinusoidal ihterfor F:nvironniental Testing of Spacecraft,"amplitadou selected to mneet spmecified s~hock 36th Shock and Vibrattion 13ull.. P-art 2,
Spectra for different values of damping. The 38t. Shock and ian!ar
aSPltteesecdto etseifdshk Jan. 1967, pp~. 07.105

I DISCUSSION

Mr. K. W. Volkman (Lawrence Radiation Mr. Howlett: Dr. Cronin, have you some- i
Lab.FT am curious as to why you call that a thing rtosay on that? ?
shock spectrum. If I recall correctly, the i
maximum value of a shock spectrum is about 2 Dr. D. L. Cronin TRW stems: Some
for an undamped system with a sawtooth pulse peopteh-In-ii 1tehrms of simple shock w•en we
input. You are talking of values of 8 and 10, or say shock spectrum. I have beent uing the
48. It Just seems incompatible with the nature words response spectrum because, in your
of what I know as a shock spectrum. case, you are considering a collection of teets f
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-XI

which you consider aR a singlu test. You are computed values and were not values obtained
talking about enveloping the whole test and are In the laboratory ?
getting something other than the classical or
conventional shock spectrum. We can go up to Mr. lHowlett: The flight data were obtainedSa Q of 6ýp; ther-e is no limit. f ruiia-e-•A1 ve le f Alghts. The curves were

very similar to the curves used to obtain testMr. Volkrnan: I think it is mislabeled then. specIficationa for Lunar Orbiter. The results

for the test Input were cominited values, yes,
Dr. Cronin: Yes, I guess if we are going

to sape-ak of ap-plicationa like these, we jIst have Dr. Curtis: Have- you made any attentiA to
to stop calling them shock spectra, apply this tec!ilque in the laboratory ? I can

foreaeu at least a few difficulties.
Mir. H'owlett: I should haw, cald res|)onse

Mr. ~owett I houd lm~ oid espnseMi.. lowlett: We have monde a very pre-
spectra, o curves are envelope curves of limar otte to Idve the a very of
fligbt data, Several different pulses were used liinr this. tkemdt to ondce f the feasibility of
and then the total was enveloped. doling thits. I talked to siome of the men iln the
nvlaboratory one dr.y and, about two days later,

Dr. AC s he Aircrat Co.: I they had a test on the head of a shaker which

S founiyWorEehn •iy lebiteretlingi Could was reasonably like what I suggested. We made
u no attempt to control the frequencies or ampli-you envision the use of this technique to slmu- tudes of the pulses, but we did put n a npaced

late a Sun firing excitation on an aircraft? sequence of single pulses which were not ex-
actly sine waves but were very similar to theni.

Mr. Howlett: I cannot offhand see anything The equipment men tell me that the main prob-
that would prevent Its use In any situation for a lem in this area is getting a tape recording of
transient Input. You have to know the input mo- the input. Once this is done, it is usually not
tion to the base of the system and compute the difficult to apply it to a shaker head.
shock spectrum for that input. Once you have

this Information, you could use this technique Dr. Curtis: I would like to suggest that
to determine proper test loads, they may be a little optimistic.

Dr. Curtis: Did I hear correctly that the Mr. Howlett: Yes, I think you are probably
results you showed on the slides were all right.

i
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ISOLATION

A STUDY OF THE PERFORMANCE OF AN OPTIMUM

SHOCK MOUNT

Kenneth T. Cornelius
Naval Ship Research and Development Center

Washington, D.C.

A mathematical model of a particular type of shock mount is presented and its re-
sponse to several analytically specified foundation velocity input motions studied.
The model was developed as a result of an earlier study of the response of linearly
damped resilient mounts. This shock mount consists of a. resilient element in par-
allel with a damper. The damping force produced by this damper is a linear func-
tion of velocity only at very low velocities. At higher velocities the damping force
is limited to a constant value and is not sensitive to velocity at all. The damping
force always acts to oppose the motion in the normal fashion. Because the damper
performance is somewhat similar to that of certain types of automotive shock ab-
sorbers, the mount is termed double-acting. The performance of the mount is
judged by comparison with those of the ideal shock mount and the linearly damped
resilient mount. It is found that the double-acting mount efficiency approaches 100
percent in contrast to the linearly damped mount which seems inherently limited to a
much lower efficiency. The mount is also capable of maintaining an equilibrium
position, something the ideal mount cannot do. Although the performance of the
mount is affected somewhat by the nature of the input motions, it is in all cases
better than that of the other two types.

INTRODUCTION BACKGROUND

The problem of protecting shipborne equip- The concept of an ideal shock mount has
ment from damage resulting from a nearby already been developed elsewhere 11,2].
underwater explosion is well known. Attempts Briefly, such a mount was one that produced a
to solve it have usually taken the form of either constant force to oppose any deflection, inde-
designing the equipment to withstand the shock pendent of the rate at which this occurred. This
mounts, or a combination of both methods, behavior resulted in the minimum possible de-

flection for any given transmitted force to the
Because shock mounts do require that a equipment for a particular input motion. The

certain relative motion be allowed, there are allowable magnitude of the transmitted force in
some things that obviously cannot be shock a practical situation was determinod by the
mounted. However, many items can be pro- shock resistance of the equipment to be pro-
tected by using shock mounts. tected. The mount deflections were then set by

the input motion and mount efficiency. The
This article was written to describe the shock resistance was expressed in terms of a

operating characteristics and'behavior of one quasi-static acceleration that could not be ex-
promising shock mounting device and to com- ceeded without damage, a fragility level, and
pare it with both the ideal shock mount behavior was quantified with either the aid of experiment
and that of a linearly damped resilient mount, or specification. However, this was another
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problem and will not be considered further STUDY OF THE OPTIMUM
here. For any givei input motion, a curve ISOLATOR
showing the deflection requirements of an ideal
mount over a range of transmitted accelera- The manner in which the behavior of the
lobs was drawn. This was used as a standard damped systems varied with the character of
with which to Judge the performance of both the input motions suggested that improvement
proposed an existing shock noumts. The ideal would result from using a different kind of
shock mount concept was also useful in that it damper, one largely insensitive to velocity.
provided insight into what was required of a With this in mind, the characteristics shown in
practical mount and whether it could be ob- Fig. I were developed. The sole purpose of the
tained. An ideal isolator would act the same as resilient element was to provide an equilibrium
a dry-friction device whose static and dysamic position. At very low v3locitieo the damping
friction coefficients were equal. It would do a was linear, while at the higher velocities the
good Job of protecting against a single shock, damping force was limited. This was similar
but would never recover Its equilibrium posi- to the action of certain autc-uaotive shock tb-
tion. Repeated soecks would cause it to allow sorbers. These absorber. T'.rp intended to
mecessive deflections, and it would not fuiction insure passenger cosort and were not much
as a vibration mount et all. It was desirable to more efficient than l inear damped springs on
go on to develop an optimized shock isolator and shipboard. Because of the similarity, however,
the device under consideration here was felt to the optimum mount was ,'-imed double-acting.
be a marked improvement. The resilient, linear-damped mount was named

Resilient elements, springs both damped simply damped.
andundaWd wore used extensively as shock
mounta. A comper investigation was made of A program was written for the small time-
the manner in which linearly damped spring sharing computer available at the Naval Ship
systems responded to typical shipboard shock Research and Development Center (NSRDC) to
motions (1). This study included undamped study the response of the double-acting mount,
springs as a special case. Although the exact as well as the ideal mount and the damped
damping characteristics of many of the common mount. This program used methods of numeri-
commercial mounts were not known, it was cal analysis and was checked against a different
likely that there, too, the damping force was a program (3) written for the large computer and
reasonably linear function of velocity so that based on the exact solution of the equations.
the results of the study applind to them as well. The smaller computer was used for this study
It was found that the damped springs were able because of its fast reaction time. The program
to handle particular motions fairly efficiently, used was sufficiently versatile to include both
but that in general they were not very good, ideal behavior and linear damping as special
Undamped springs were generally not very good. cases. It is available on request.

DAMPING FORCE. 0

II/,

Vol ______

. ./'o VELOCITY (• - i)

C - 4000 LB IPS

. . . - FL V01 : -VOC

Fig. I. Optimized shock isolation system
(FL is adjusted by varying VoC)
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F~oundationk Input Volocitius Ubed 'ALAD.I I
Motunt Cloiiigurattons Usndi

Analytic reproact~ation of fundthiton voloc- a
ity Was used no that the1 WOfcOD of changing It@ Wnlpod Mount boublo-Acting Mount
shape would not be obscurod by tho Irroleivant -

excursions normally found in experimental roe- DtMping ARMti DAMPIng Vearoo Limit, lWa
ords. The response of the mounts could just as
viell have been ettleu1atfd for Any krbitrakry in1- 0
put, howevor, had thia b)een desire~d. Tito b.oic
Input velocity, Typo 1, io shown in Fig. 2. fHero 10 I
the velocity was reproaontod by A vorsed-sine 20 6

rieto 120 In/lcIn 26 inm, followad by a do~-
celeration of 4 g to rent. TrIoro othor foundik-
tion volocitioe, Tyrpoo 11, 111, andl IV, wore, ob- 100 1
tained by decreasing thu ritco time to 0.0 me
and the decaolratlon to rzero, 5 NAtursP freq'ienatro 6 and t0 it,,

Mouitt~~~o EfceyadCalaulatliond WRIs nc ,eakry to w4o4ololyMount l~ffcioncy tuin tho re~ponwio of 011) ldevil Inatfli to #'Aqi;

Tho petrformAnce at varioul) eioft rnouninb motion, of) It 'WAit110 It t fuaidd.
w.;ovaliiat~cq by cot-paring thu ofijlIaa7

q(ire~d to livat ti Uo rallCkcmortcs, e"a h PrPOugIr.I?141, Of 1*'A5IR
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accfileration typically first decreased and tenw very large. The requitrements could have beenI increased while the rattlenyuce &O~c'resed cý,% lessened by lowering the mountiNg frequency,
tinuously. The efficiency o! the av'unt eid not of cource, but thot method was limited. Thus,

irirve after the damping rati-, wae 1,A,,reaoe(1 any wsay of decreasing the dar- Ang force re-
beyond a given value. Thii is a~pprent, in 0fl quirements of a mount was d: ',jrable, even if It

thefiursbut is most obvious in Fig. E. iere did not result in Improving '.he efficiency of the
the efficiencyofbtth5-ad1.4 rp mu.

mont reiwni. ayte wasmur ofca tbou 5ha ohe 10
at a da~mping ratio of 40 percent and did not m - The performance of V 1 10 H~z-, 4' -percent
prove, with a further increase In damping.dapdstews er'altthtote10

The efficiency of Ote damped mount w.'as these two configurations were used to compare
best whore the foundation velocity increased damping force requirements, It was assumed
abruptly (Figs. 5 and 8). Here the dape ex that the weight supported by these mounts was
erted its accelerating force on the mass fron, 772 lb so that, by definition, the damping force
the very ".ginning. Where the velocity in exerted by the double-acting mount was 3960 lb.
crea.ed at a slower rate, the damper exerted Inspection of the velocity-timne history for theI leas force hintially and time was lost vbile the damped mouint showed that the maximum damp-
a-pring force built up. It was partly this effect ing force was 6032 1b, 52 percent greater, al-
which. Ped to the Idea of the double-acting n.oat though the officiencies were the same. This

9 ~behavior war. typical.
Th ierdmigcefiin f40 b

Perfrmace f th DobleActig Mw~tin./see used for the low velocity damping of the
The ffiieny o th doule-ctig munt double-acting mount seemed to require that the
The ffivieny o We obl-ac~g munt deflected mount maust take a very long time to

vase riot limited in the same mianner as that of recover Its equilibrium position. However, for
the dampe mount. lz fa~ct, as the daping large deflections the spring force was sufficient
force limit was increased, the efficiency invar- to overpower the damper and return the mass
iably approached 100 percent. That it was not most of the way to equilibrium rather rapidly.
100 percent efficient at the lower limits warn a For example, the spring force was greater than
reoult of energy stored In the spring; an eff i- the damping force limit for the 10-Hz, 5-g
clent mount does not store energyr. As the double-acting mount when the deflection was
damping force limit was increased, the spring greater than about 1/2 in. The slow return,
energy becomes relatively less important. As then, would start nearer than this point, rather
'would be expected, the behavior of the double- than from some point further out. If a faster
acting mount approached that of the undamped return were found to be necessary the low-spring astedmigfre1wtwsd-velocity dlamping coefficient could be reduced
creased. In this region the magnitude of the with some slight cost to mount efficiency.
transmitted accelerztlon wse determinesd
roughly by the fixed-base natural frequiency as-
'tecIoated with the spring used. The efficiency CONCLUSIONS

t~ the mount, however, was, determllned by the
4 I.-I force limit as this limit was Increased. The double-.4.ing shock mount wan found

)0!ne the mount was potentially extremely to be capable of attaining very high efficiencies.
fi 1nthe deflection requirements were lim- Even at lower efficiencies it required leass

A4tf ultimatelly by the Ideal. dampi:gforce than a linearly damped mount of
comparable performance. In contrast to the

One ! te prctial nginerig pobles iealmount, it was capable of maintaining an
Ivleintedesign ofdme onsws equilibrium position. The doub~le-acting mount
taofobtaining enuhdmigfre hr perdto combine the best features of the
lag assmust be mounted, the forces ideal and the linearly damped mounts with few

rqietoyield significant benefits became of their disadvantages.
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Mechanical Oscillator with a Particular

DISCUSSION

Mr. Seyin I(T Research Inat.): I might change the nature of the optimum. There is
make a comment that these Ideal or optimum evidence that suggests that these curves are
curves refer to a tradeoff between the con- relatively insensitive to reasonable variations
tstraint of rattlespace, in this instance, and the in the input. That does not necessarily meanperformance Index of acceleration attenuation, that an isolator designed to be optimized for a

They are functions of either the time details or given input would itself have a small deviation U
[ie Input in the deterministic case of this paper, from the optimum according to another input.
or In the frequency distribution functionR of The tradeoil curves themselves are reasonably
Prof. Paul's r'aper. If you change the inputs, insensitive.
whatever the characterization might be, you
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AN INVESTIGATION OF THE PERFORMANCE OF

GAS-BEARING MACHINERY SUBJECTED TO

LOW-FREQUENCY VIBRATION AND SHOCK

Peter W. Curwen and Alan Frost
Mechanical Technology Incorporated

Lathan, New York

The use of gas or steam bearings in certain types of naval shipboard machinery offers
several advantages. However. such machinery must operate in a dynamic environmant.
The question of bearing reliability and ruggedness under dynamic conditions thus arises.
To gain initial insight into this question, a gae-tearing machine having a 61.5-lb shaft
has been experimentally subjected to low-frequency nonimpulsive frame oscillations and
also to frame impact. Maximum acceleration, measured at the upper journal bearing
housing, was 4 g's during the oscillation tests and 38 g's during the shock tests. Capaci-
tive displacement transducers, mounted within the bearings, were used to measure dy-
namic bearing responses throughout the tests.

Over 1000 shock cycles were imposed on each of two externally pressurized bearing
aystf.ms and on one self-acting system. During each shock interval, a dozen or so mo-
mentary bearing contacts were observed. Nonetheless, all bearing parts were in excel-
lent or good condition at the end of the tests.

Momentary bearing contacts were observed ov- at quitelow ahocklevels. Compatibility,
wear rate, and integrity of bearing materials t0 .a becume the key factors in establishing
gas-bearing reliability in a shock environmen'. Additional data pertaining to these fac-
tors are badly needed.

An analytical procedure has been formulated for designing gas bearings that will be sub-
jected to frame oscillations. Comparison of calculated and measured bearing displace-
ments confirms that the design procedure is valid.

,INTRODUCTION National Aeronautics and 15'ace Administration
(NASA) is currently procuring and testing gas-

Process-fluid lubrication of rotating ma- lubricated turbomachinery for closed Brayton

chinery has made very significant advances cycle auxiliary space-power systems 121.
within the last decade. By definition, a process-
fluid-lubricated machine is one in which the Gas and steam-lubricated bearings are now
working fluid flowing through the machine, or being investigated for, age in naval shipboard
the environmental fluid surrounding the machine, machinery. A study [3] performed in 1905 in-
is also utilized to lubricate the shaft bearings. dicated that definite benefits would result for
The working or environmental fluid may be a various types of naval machinery If process-
liquid, vapor, or gas. In this paper only gas fluid lubrication (specifically, steam or gas
and steam-lubricated bearings are discussed. lubrication) of shaft bearings could be utilized.

Improved reliability and maintainability, reduced
Since 1958, the U.S. Atomic Energy Corn- size and noise, and elimination of auxiliary sys-

mission (AEC) has installed and operated a total terns were some of the advantages identified.
of 17 gas-bearing machines in nuclear reactor
experimental test loops. Very successful op- In parallel with the above study, Contract
eration, totaling over 65,000 hours, has been Nonr-4358(00) was conducted to obtain a first
accumulated with this machinery '1]. The U.S. assessment of the ability of gas-bearing
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machinery to survive the shipfoard vibration with the same materials as proposed for the
and ahock environment. This is probably the specific application.
most crucial question with respect to practica-
bility of gas (or steam) bearingo in naval ap- TEST MACHINE
plictions. The aforementioned AEC machinery
operates in static environments, while the NASA A schematic view of the gas-bearing test
pmee-power machinery will be subjected to ap- machine is shown in Fig. 2. Significant param-yreciaible Shock and vibration only during the eters of the shaft, assernbly are --
relatively nkort launch period. Shipboard ma-

chinery, on the other hand, will experience an Weight 61.5 lb
almost continuous spectrum of vibration andshock. Moderate 9046tAtee will produce low- Junlcnes3 n
frequency roll and pitch motions of the ship.

Dow slap in heavy seas, firing of heavy guns, Overall length 39.75 in.
bomb or torpedo explosions will produce shock Polar moment of
loads. Dow slap in particular, while not a nec- inertia 0.55 in.-lb-sec 2
essarily severe shock condition, is nonetheless
a potentially critical condition because hundreds Transverse moment of
of thousands of such impacts may be accuwn- inertia about e.g. 20.9 in.-lb-sec 2

lated during a normal cruise. Locations of e.g. 17.1 in. from

As reported in Ref. 141, the initial assess- thrust bearing

ment of gas-bearing performance under dynamic The shaft is driven by a four-pole, three-phase
conditions was conducted with a 10,000 rpm gas. induction motor mounted between the journal
bearing machine having a 01.5-lb rotor. The bearings. A variable frequency generator set
machine was subjected to low-frequency non- is used to control motor speed.
impulsive frame oscillation and also to frame
Shock. Both self-acting and externally pres- Two identical journal bearings and a
swrized bearings were tested. The results of double-acting thrust bearing are used to sup-
these initial tests, which are reviewed in the port the shaft. The journals are 2.375 in. in
following sections of this paper, were suffi- diameter and have a legth-to-diameter ratio
ciently promising to warrant expansion of the of 1.6. The thrust runner has an OD of 6.28 in.
shock test phase under Contract NOOO-14-06-
C0282. At the same time, Contract Nonr- Two easily interchangeable bearing systems
4086(00)M-2 was awarded for development of a were designed for the test machine. One sys-
700-hp turbine-driven forced-draft blower using tern consists of externally pressurized (hydro-
superheated turbine steam as the lubricant for static) bearings. The journal bearings arc
externally pressurized journal and thrust bear- cylindrical sleeve bearings with two rows of 18
ings. This contract marks the first application mil diameter orifices (eight orifices per row).
of steam bearings to a major piece of shipboard The main thrust bearing is a 5-in. OD by 3.5-in,
equipment. A cross-section schematic of the ID, single-row bearing with 36 orifices. The
b'ower i,-.tiown !n Fig= L. second bearing system consists of self-acting(hydr-odynan-lc) b•aringa. The Journal bearings

The balance of this paper briefly documents arc four-pad pivoted-pad bearings that operate
the effects of low-frequency frame oscillation at a preload ratio of 0.5 to 0.7. The main thrust
and frame shock on the performance of gas bearing is a 6.20-in. OD by 2.75-in. ID spiral-
bearings. Although the investigation was grooved (Whipple plate) bearing of inwardly
limited ti gas bearings, the dynamic responses pumping configuration.
of superheated steam bearings should be essen-
tially the same. From a theoretical standpoint, Figure 3 is a photograph cf the shaft as-
superhviated steam can be treated as a gae. sembly and the parts for the self-acting bearing
However, if significantly different coating and/or system. Figure 4 shows one of the externally
structural materials are selected for either pressurized jour.,'tl bearing sleeves. Additional
Steam or gas-bearing parts (compared with design mid test data pertaining to the two gas-
those that have so far been tested), the conse- bearing systems are given in [4].
quencies of the dynamic bearing responses could
be different. Because bearing contacts do occur INSTRUMENTATION
under shock conditions, final proof of bearing
reliability and ruggedness must come from To gain insight into the performance of gas
shock tests on parts that have been fabricated bearings under conditionof low-frequency frame
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Fig. 1. Schlematic cross section of steain-lubricated
forced-draft blower

CAPACITAN~CE PROBES MOUTED AT 90o oscillation and shock, the following experimen-
,ACCELEROMETER tal data were obtained via appropriate instru-

IMAC mentation:

(1) Normal bearing sys^,em performance
under static conditions.

.ACCELE"ET~ER (2) Framne acceleration and/or displace-

LPE OWNA BERIN ment during oscillatory and Impact excitation.
-.JoOSNAi. OEAJMI
CAPACITANCE PROMS (3) Displacement response of the bearing

system to the oscillatory and impact excitation.

MASS was used for both the oscillation and shock

A~u~iON OTORtionimposed the most severe demands on in-

OIREtr*s OF WAACA struinentation frequency response. In this re-
spect, the instrumentation for measurement of

PLAN AOF WNtr
TRIJNNiONS JXRPJAL KCARIN,; imp~ulsive displacements was less than optimum.

*CAPAV4TANCE '4OAES

t0*tAJX*ARkAt 0EAR14G ACCELEROMETER
B~earing System Instrumentation

WAIN AN RVES
rhRUSr eakSWINGS. THRI St SEARING

- rCAPACrITACE MON The most meaningful lindications of hearing
system dynamic performance are measurements

Fig. 2. Schematic of gas-bearing of (a) position of the rotating journals within the
test trachine showing location of bearing clearance, and (b) film thickness in the
instrumentation thrust bearing.
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Fig. 3. Shaft assembly and self-acting bearing parts for
the gas-bearing test machine

a

Fig. 4. Externally pressurized journal bearing
for the gas-bearing test machine

These measurements Were obtained by plates, orbital traces (or loci) of the journals
inowiting capacitive displacement transducers within the clearance space could be obtained.
within the bearings as shown in Fig. 2. Two By switching the CRO to common time base, X
probes were mounted in each journai bearing, and Y components of bearing clearance could be
cireutnferentially displaced 90 degrees from displayed as a function of time. Common time-
each other, Two probes were likewise mounted base readout of the two thrust bearing film
in the main thrust bearing, also circumferen- thickness traces permitted sonic indication as
tially displaced 90 degrees. to whether parallel alinement of the bearing

surfaces was maintained under dynamic condi-
Readout of the bearing probes was obtained tions. Theoretically, howcver, three film thick-

from dual-beam oscilloscopes. With the signals ness readings are required to accurately define
from the 90-degree displaced Journal bearing the relative positions of theec surfaces.
S probes applied to the CRO X and Y deflection
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Because both the journal and thrust bearings was flat from 20 to 10,000 liz when displayed
were "flexibly" mounted, additional capacitive directly on the CRCO. Peik acceleration values
displacement transducers were uued to nicature should thus be quite ace -eate.
motion of the rotating journals and the thrust-
bearing stator relative to the test machine All significant Instrumentation signals were
casing. recorded on magnetic tape using FY, electronics

having a flat frequency response from 0 to
The ,noncontachtig capac'tive displacement 5000 liz. Comparison of direct-display CHO

measuring system selected for these tests had signal traces and magnetic-tape playback traces
the following characteristics: indicated no degradation of signal waveform

caused by the tape recorder.
(1) Excellent linearity over tie complete

range of possible bearing displacements. BEARING PERFORMANCE DURING

(2) High output sensitivity (0.1 volt/mail). LOW-FREQUENCY VIBRATION

(3) Stable output up to temperatures of An Oscillation Test Stand was designed to
4000 F (up to 10000 F with special lead wire). subject the gas-bearing test machine to oscil-

latory (eriodic) angular displacements about a
(4) Excellent long-term stability. fixed pivot axis. Figure 5 shows tihe teot na-

chine mounted on the oscillationt uland. The
S(5) Flat frequency rsaponae fromn D-C to stand had a continuously variable oscillation

1I000 1z. frequency of from 0 to 65 cpnt. Oscillation am-
plitudes, measured from the vertical, could be

Although duration of the shock pulses was set at tll.5, ±23.6 or t30.5 degrees.
expected to be 50 to 100 ma, it was recognized
that frequency response of the capacitive trans- The Oscillation Test Stand was not designed
ducer system left somnething to be desired. to simulate actual wave-induced shipboard mo-
However, for the Inimeolate purposes of the tions. (Such motions would, in fact, be the re-
study, the 1000-Hz response was judged to be suit of simultaneous rotations and translations
adequate. (It should be noted that fiat frequency of the ship's hull and would not, in general, be
response of the capacitive system hlas recently truly periodic.) The primary function of the
been increased to 5000 flz by use of an improved test stand was to provide a means whereby the
filter design.) validity of proposed gas-bearing design proce-

dures for low-frequency vibration conditions
could be experimentally determined. Exact

Additional Instrumentation simulation of shipboard motions was not felt to
be necessary for this purpose. Because wave-

Shaft speed of the test machine was detected induced motions have very low fundamental fre-
by means of a magnetic pickup. Digital display quencies relative to the critical speeds of ro-
of speed was obtained from an electronic coun- tating machinery, it was hypothesized that the
ter. No attempt was made to measure dynamic dynrnmic bearig rc"'Lons could be accurately
variations in speed, calculated on the basis of a simply supported

rigid shaft. The bearings could then be sized on
During the shock tests, dynamic displace- the basis of static load capacity and eccentricity

ments of the shock table were measured with a considerations. Validity of this design approach
Iinear-variable-differential transformer (LVDT). could be experimentally assessed using a siem-
Dynamic accelerations were measured with pie test stand, provided accurate measurements
crystal accelerometers mounted on the test of the frame and bearing displacements were
machine casing in the planes of the two journal obtained. Once the basic design hypothesis
bearings. Readout of the LVD'r and accolor- were verified, the analytical design procedures
ometer signals was obtained via time-base CRO could readily be extended to the case of complex
traces. The traces were triggered by the shock frame mnotions, and confidently applied to any
hammer just prior to hamnnmer impact. specific situation without the necessity of addi-

tional experimenital testing.

Frequency response to the LVDT was down

3 db at 100 liz. Hence, accuracy of the shock Figure 6 shows oscilloscope photographs
table displacement amplitudes is in question. of the upper journal-bearing loci obtained dut;r-
The main value of the LVDT was to obtain an ing testing ol the externally pressurized gas-

quency response of the accelerometer system 75 psig. (The photos are also typical of data
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Fig. S. Test machine mounted on oscillation test stand

obtained during testing of the sell-acting bear- operation of two practical gas-bearing systems
Mng system.) The effecets of frame oscillation, was demonstrated at oscillation rates of up to
with and without shalt rotation, are clearly 62 Hz and corresponding peak accelerations at
sobwn. It is seen from the lower photographs the upper journal bearing of 4.05 g's. Bo0th the
ol Fig. 6 that the locus of the journal center is self-acting and the externally pressurized bear-

* an ellipoe under simulltaneous conditions of Ing systems were able to carry the dynamic
10,000-rpm shalt speed and 82-liz oscillation loads at sale film thicknesses (that Is, without
irequerncy. This reflects the fact that the re- film rupture and rubbing contact).

* atltant btaring load consists of a gyroscopic
componeint acting, 90 dogyree3i from the in-plane
acceleration component. BEARING PERFORMANCE DURING

SHOCK
Figure 7 ahows a comparicon of the meas-

uired and calculated response for ithe upper A Shock Tent 8tand wan designed to subject
journal bearing during frame oscillation. This the gas-bearing tent maz-hine to unidirectional
fiueillustrates that the bearing forcesv, and Impact loalds. P)gure 0 shows the test machine

resulting bearing occentrietties, can be cat- mounted on the shock stand. The Stock Test
culateod with sufficient accuracy for en,4neerlag Stand is patterned after the Navy Ill-Shock Ma-
46,Nigno lmuaseo. Detals of the analysis proce- chine for Lightweight Equipment as defined In
dure, as well an additional test and calculated MIL-S-001B (Navy). The signilficant differences
deta for boith the externally pressurized and arc that only the pivoted shock hammer has; been
sef)-acting bearing systems, are given in provided (only horizontal Impacts can be ap-
Re. (4]. plied) and 'he hammer weight is 200, rather

than 400 lb. It should be noted that the Shock
In gunnnagry, a design procedure wan ex- Test Machine was not designed for the Imme-

perimentVAlly validated whereby the load enpac- diate objective of producing high-impact shock
ity of steiam and gas -lubricated bearings could displacements as recquired by Navy (jtallilcation
be invemtigated. for any speefied condition of 9pecifications (although this does remain an
low-frequovacy shipboard, mnotion. Ink theC pro1,cess ultimate objective). It was designed primarily
of yveifying the design procedure, satisfactory to produce shock pulses that would have shape

S... , _.siQ 1• ••,•,• -•-,:•, •"-,,, _,, =.,.•g • L.•.•,,;.. -& J.,•p••. - •.,,',-.w6* -,•••,":• C• r L • -- •-• k :••220-" " ',
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reýpn*of the bxterxially pressurized upper
Sduring frame oscillation; shaft
speed:. 10,000 rpmn; bearing supply pressure:

a~k duatin cavat siniaumilar to those pressurized ani self-acting bearings; that is,
pochines. A realea- onset of film rupture did not appear to be a

tic 04918"Would hU199 b provided for assessing function of bearing type.
ga*-fmoý ,Wl• poriorince aind identifying any
problem ruta. Hammer drop height was gradually in-

The first ~eries of shock tests, with the creased to 14.1 in., at which point performance
toot walMine rututng at 10,000 rpin, consisted of the test machine was noticeably impaired.
of a Onvil number of uropacti at increasing The Impaired performance was subsequently
heights of litimnier drop. It was noted that me- found to have resulted from permanent defor-
mentary rature ol the thrust-bearing film matlon (bending) of the shaft, not from bearing
began at a drop height of 0.28 in. (that Is, at failure. In spite of the momentary contacts that
vety iow impact levels). Momentary rupture of had occurred during most of the shock inter-
thM joounl ;aring Rims began at a drop height vals, there was no observable damage to the
of Apnproximtely 1,7 )n. The 11.m rupture char- bearing parts. However, the extent of the shock
acterlstice were similar for both the externally series, in terms of number of impacts, was too
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Fig. 8. Test machine mounted on shock test stand

limited to permit conclusions regarding bearing shaft assembly was first redesigned so that
life under repeated shock conditions. shaft bending would not be a problem. An ex-

tended series of impacts was then applied to
Several facts became clear from the first each of three bearing systems (one self-acting

series of shock tests: system and two externally pressurized sys-
tems). The types of bearings and bearing ma-

(1) Momentary bearing contacts should be terials used are listed in Table 1.
anticipated in a gas-bearing system when the
bearing housing is given an impulsive displace- Figure 9 shows a typical CRO display of the
ment of noticeable amplitude, various instrumentation signals during one Im-

pact interval. These data were obtained during
(2) Compatibility of bearing materials is of the extended tests on the thIrd (externally prea- u

prime Importance in any application where surized) bearing system. Shaft speed was 8,000
frame Impact may occur. The bearing mate- rpm, drop height was 9.6 in., and bearing supply
rials must be able to survive many momentary pressure was 60 psig.
high-.speed contacts without noticeable degrada-
tion of bearing performance. The upper left-hand photograph In Fig. 9

shows a journal bearing locus prior to impact.
(3) Sructuz . o the s aftad bear- The locus is a small orbit owing to residualIng system must be sufficient to assure that satubl.ne

permanent deformation of the various parts
cannot occur under the maximum possible
impact condition. The remaining five photographs in Fig. 9

show various responses during the shock inter-
(4) Performance of self-acting and exter- val. The shock table displacement pulse was

nally pr"essurized bearings during impact is not approximately half-sine, with a peak indicated I
significantly different, amplitude of 0.18 in. and a duration of 70 ms.

Peak acceleration at the Journal bearing housing
To obtain an indication of bearing life ca- was approximately 38 g's, This peak occurred

pability under shock conditions, a second series within the first several milliseconds of the dis-
of shock tests was undertaken. The test machine placement pulse.
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TAB3LE I
Description of Bearing Systems Used for the Second Series of Shkock Teets

_____ ~Beairlng ystem Designatiotn _ _ _

_ _First Second Third

Type of bearing Mxternalty pressurised Self-acting Externally pressurized
system

Type of journal Carbon graphite sleeve Chrome-oxide-coated Chrome-oxide-coated
9 baringe with double orifice pivoted-pad, 4 pads sleeve with double-

row per bearing orifice row

Coating on shaft Chrome oxide
Journals (the same shaft journals were uued throughout the shock tests)

Type of main Chrome-oxide- coated Chrome-oxide- eoated, Same parts as used In
thrust bearing annular bearing with spiral-grooved bearing first bearing system

single-orifice row (grooves on stator)

Coating on thruset Chrome oxide
runner for (the sarme thrust runner was used througnout the Mhock tests)
main thrust
bearing

The upper right hand photograph in Fig. 9 of the bearing pivots was responsible for the
shows the journial orbit during the Impact inter- change in bearing clearance.
val. It is seen that a dozen or so momentary
bearing contacts occurred during the shock in- All of the bearing parts were carefully
terval. Time-base traces of the lournmal motion examined at the conclusion of the tests. The
ad the thrust bearing film thickness are also thrust bearing surfaces, and the externally
shown be.ow the journal locus trace. It is seen pressurized journal bearing sleeves, were in
that one thrust bearing ccntact occurred during excellent condition. Although evidence of the
the first 90 ms of the shock response, momentary rubs could be visually detected,

measurements indicated actual wear in the bore
Figure 10 shows an oseillograph recording of the journal sleeves to be of the order of only

of several of the instrumentation signals for a 25 pin.

the residual bearing responses persist for an Considerably more wear occurred on the
appreciable period of time after the shock pulse. shaft journals. Wear of the upper and lower
This reflects the generally low level of damp- journals was measured to be 150 and 350 pin.,
Ing that exists in a gas- bearing system. respectively. Most of this wear occurred dur-

ing testing of the self-acting pivoted-pad Journal
The total number of impacts to which the hearings, Figure 11 shows the lower journal at

three bearing systems were subjected is give.n the conclusion of tests on the self-acting bearing
in Table 2, together with the associated values system. A total of 3061 shock cycles had been
of hammer-drop height, casing acceleration, accumulated at this point. The shaft was rein-
and test-stand displacement amplitude. (In ad- stalled, without any touching-up of the journal
dition to the data given in Table 2, recent test- surfaces, and an additional 1262 shock cycles
Ing with the third bearing system has been per- accumulated during testing of the third bearing
formed at drop heights of 17.2 in.) system. The journals were still smooth and in

good operating condition after 4323 shock cycles.
The externally pressurized bearing systems

survived the test series without any noticeable The wear area on the seLf-acting ,in'nals
degradation of performance, However, at the pads is shown in Fig. 12. It is seeii that wear
conclusion of tests on the oeli-actting bearing occurred only in the central area of the pad
system, readjustment of the journal bearing (that Is, under the pivot point). Because both
setup clearances was required. It was subse- the pads and the shaft journals were iitially
quently found that aalight flattening (deformation machined to a st•,aightness tolerance of 50 pin.,
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Fig. 9. Response of externally pressurized
bearing system to a 9.6-in. harmner drop;
shaft speed: 8,000 rpm; bearing supply
pressure: 60 psig

it is concluded that the gas film, at the instant Under conditions of frame impact as rep-
of contact, had sufficient stiffness to bend the resented by the Navy high-shock qualification
ends of the pads away from the shaft. Aside tests, momentary bearing contacts will occur in
from the previously mentioned flattening of the machinery containing gas- (or steam-) lubri-
pivots, the self-acting pivoted-pad journal bear- cated bearings. Additionally, it is clear that gas
ings were in good cnditions for continued bearings can experience momentary contacts at
running. relatively low-impact levels, such as may be

produced by bow slap in heavy seas. Therefore,
in addition to passing the high-shock qualifica-

CONCLUSIONS tion tests, reliability of gas bearings must also
be demonstrated over h-wdreds of thousands of

Under conditions of low-frequency nonim- low-level impacts. The first step In this direc-
pulsive shipboard vibration, gas (and steam) tion will be taken shortly. The third bearing
bearings should be designed so that fluid film system of Table I Is to be subjected to 25,000
lubrication is maintained at all times (that Is, low-level impacts.
so that sliding contact does not occur), An
analytical procedure (or designing gas bearings It has been clearly established that the re-
to satisfy this criterion has been formulated liability of gas bearings under shock conditions
and verified by test data. The procedure is de- will be almost solely dependent upon the com-
scribed in Ref. (4]. patibility, the wear rates, and the long-term
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Fig. 10. Response of externaaly pressurized beating systemn to a 4.3-in, hamnmer drop

TABLE 2
Data Acqutred During Second Series of Shock Tests

bearing H Ieight IPeak Acceleration Test Stand Shock
System of Number Rotor Measured at Journal Displacement Pulse

D,,i,.l- Hammeri of Speed Bearing Housings (g) Amplitude Duration
I (in.) Lower Brg. IJupper Org. I____ _ _

F 2.611 2001 0[ 13.8 21.3 T 0.222 80

2.61 900 8000 13.0 T 19.3 1 0.210 72

9.7 So 8000 0.23008

Second4
1. 9.67 851 8000 15.0 36.0 - 65

Third 9.e7 1282 8000 21.8 38.5 0.238 [ 75

aToW number of impacts on shaft journals and thrust runner =43Z3.
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Fig. 11. Lower shaft journal after 3061 impacts
at the con~ditions of Table 2

LOWER BEARING UPPER ,EARIN6

Fig. 12. Pada fron 2elf3-acting journal bearings after 1361 impacts
at the conditions of Table 2
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integrity of the bearing materials. To permit Extensive, ca~refully controlled testing under
quantitative prediction of bearing life and selee- actual shock conditions appears, at present, tc
tion of optimum bearing materials, the above be the most meaningful way of obtaining these
mentioned basic performance information must data.
be obtained for various bearing materials as a
function of - Finally, it still remains to be determined

whether gas- or steam-bearing machinery will
(1) impact level ever be able to meet Navy high-shoclk specifica-

(2) bearing surface velocity tions, with or without shock isolation. To this
end, testing must continue to progress to in-

(3) bearing geometry creasing heights of hammer drop until the high-
(4) bearing tem-perature shock specification conditions are obtained and

adequate bearing performance is demonstrated
(5) bearing lubricant, over the specified number of shock cycles.
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DISCUSSION

Mr. Paketys (General Dynamics/Electric Mr. Brooks (NASA, Langley Res. Ctr.):
Boat): Why did you build and use a special What is the relative effect of density and pres-
S•k machine instead of using the regular Navy sure of the gas that is in the journal?
shock test machine? Mr. Curwen: With respect to the shock re-

sponse, we tested both pressurized bearings and
Mr. Curwen: Mainly because this type of self-acting bearings, which run the gamut as far

testing extends over a long period of time. Be- as pressure In the bearing goes. We saw no
cause of the amount of Instrumentation that we significant influence. The machine does not
.- d to carry around with us, it was much more know what type of bearing is in there. The con-
economical to Wuild that machine. It did not tacts occur just as readily in either type. We
co*t that much to build at our own facility so varied supply pressure up and down on the hydro-
that we did not have to integrate with the rest static bearings and could detect no difference
of the Navy. in the response.
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AN EXPERIMENTAL INVESTIGATION OF AN

ACTIVE VIBRATION ABSORBER'

T. D. Dunham
Southwest Research Institute

San Antonio, Texas

and

D. M. Egle
University of Oklahoma

Norman, Oklahoma

While the linear dynamic vibration absorber has seen application in practical vibration sup-
pression, because it is effective in only a narrow band of frequencies near the tuned frequency.
its usefulness is limited. A vibration absorber that changes itu tuned frequency to match that
of the exciting frequency would eliminate this fundamental difficulty and would be a more use-
ful device. This paper reports on the conception, construction, and experimental investigation
of just such a vibration absorber.

The active vibration absorber is an electromechanical device consisting of three main subsys-
tems. The first is a spring-mass system of variable natural frequency. It consists of a mass
with a threaded hole on a threaded cantilevered rod. The rod is attached to the main vibratory
system by bearings and the mass is Frevented from rotating so that if the rod rotates the mass
will travel along the rod. The second subsystem is the power source, an electric motor that is
capable of rotating the rod in either direction. The third part of the absorber is the control
system which is an off-on device that activates the motor when the vibration amplitude of the
main vibratory system reaches a predetermined level. Limit switches prevent the absorber
mass from overtravel and reverse the travel direction. The control oystem deactivates when
the vibration amplitude iecreases below the chosen level.

To determine the effectiveness of the active vibration absorber, it was attached to a gingle-
degree-of-freedom system subjected to a harmonic force. The response with the absorber
operational was compared with the response with the absorber attached but not operating and
with the response of the nmain system without the absorber. The response was evaluated in
each case for constant excitation frequency of the original single -degree-of-freedom system.
The response was also determined for several rates of increasing excitation frequency to ver-
ify the ability of the control system to track the applied frequency. In every case, the absorber
was effective in eliminating the increase in amplitude caused by resonances. Additional cxpe -'-
iments indicate that although it is possible to have instability in the control system, it may be
eliminated by increasing the irequen'y bandwidth over which the absorber may be tuned. |

INTRODUCTION of such a device is the conventional linear dy-
namic vibration absorber, sometlinei called the

A vibration absorber may be delined as a Frahm absorber, which generatea the reaction
device that, when attached to a vibrating system, force by resonating the absorber spring and
reduces the vibration amplitude without dissi- mass. While the Frahm absorber has seen ap-

pating energy. The device must be capable of pliction in practical vibration suppression, its
producing a reaction force on the main system usefulness is limited beca.'sae it is effective in
which counteracts the applied force causing the only a narrow bend of freqkencies near the tuned
large amplitude vibration. rhe simplest example frequency. Attempts to increase the effective

'This paper is based on a thesis submitted to the University of Oklahoma in partial fulfillment of the
requirements for the degree of Master of Engineering (Mechanical), 1968.
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Lbandvvidth of the aboorber may be divW~-, that activates the motor when the vibration am-
two ciasses. those U'1111 nonlineas, plitude of the mainl vibratory syetem reachev a
elements anch ae in Bef. jI I and I .J and those predetermined level. Limit switches prevent
Incoyliorating an external energy notirce or an the absorber roass from overtravel and also

sp-evial intorest Pxv Ref, through 17 , which tern deactivates when the vibration amplitude

are Izvestigrtions ofi closed loop active systems. decreases belowv the chosen level.

This paper reports on experimenta con- In Fig. 2, the control system is illustrated.
durted with m closed loop active vibration ab- The signal A 1, provided by a displacement
sorber wichit is In part similar to the device trans~ducer mrounted on the prituary mass, Is
deocrihed in Refs. [7J and [8]. It produces the amplified by a power amplifier and then recti-
reaction force by resonating a variable spring- fied. The capacitor, in parallel with the coil
rnste systemi, the spring rate being varied by resistance in the relay C113, smooths the full
the control system so that the amplitude of the rectified signal.
primary system remains below a preset level.

The amnulifier hane a gain control which is
used to set the turn.-on ci t~eria for tile relay

DESCRIPTION OF THE ACTrIVE CRS. Whenk the amplitude X, reaches a pre-
VIBRATION ABSORBER determined level. relay CR13 is energizedl. Upon

energization of CR3, contact CR3-i closes; thus,
The vibration absorber, shown In Fig. 1, relay CR1 Is energized. Upon energization of

consists of a threaded, cantilevered rod attached CR 1, contacts CRI-1-. and CR1 -2 close-, thus, the
toteprimary system with bearings so that the one-fourth-hp electric motor starts. The direc-

ro t re o oat aot t ai btis other- tino oaino h lcrcmtrdepends
wise clamped. The absorber mass has a upon whether relay CR2 is energized or not.
threaded hole and is placed on the rod and re-
strained from rotating. As the rod rotates, the Relay CR2 is controlled by the Direction
mass will travel along the rod, thus changing Control Circuit illustrated in Fig. 2(c). Switches
the natural frequency of the absorber. The ac SW -I and SW -2 are activated by a control rod
induction motor, coupled to the absortbe'- rod that trips the switches at the upper and lower
with a small V-belt, is used to change Qle natu- limits of the absorber frequency band. Switch
ral frequency of the absorber system. Also SW-i is tripped at the upper absorber frequency
shown In Fig. 11Is the primary "ystem which limit. This occurs when the absorber mass is
consists of a frame of mass, Mi , supported by in the lowest position on the absorber rod.
four flat bars providing the restoririg _ 'ce, K 1. When switch SW-i is tripped, relay CR4 is en-
The primary system is excited b, 0 e letro- ergized; thus, contacts CR4-i and CR4-2 are
dynamic vibrator coupled to M I by the. rala- closed. Contact CR4-2 makes relay CR4 a
tively soft spring, K 0. The detailed properties holding relay; thus, it will stay energized until
of the absorber and the primary system are the circuit is broken. The de-energization of
ai*r 1.1 i. It 9 1-i. relay *.R.- is acops y'h s fsic

SW-2. As long as relay CR4 Is energized, relay
Tht control system, while appearing to be CR2 will remain energized; thus, contactsI

complex, is actuailly a v'ery simple on-Dff device CR2-3 and CR12-4 will be closed, and contacts

4 LIM Switch

P(Ir~l cj

58"1VIVNEnd VIN,

Fig. 1. Experimnental appzaratuo
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.--- jW-1 IV-?ratus consisting of It 2-degree-of -freadom eye-
loan and at control system,. the experimental

CPA-2 ~3-investigation was undertaken. This Investign-
10 Drwhn wt d~lttIoni was principally concerned with the response
CI~~~~~ Il~ioC'1t(IuIX of the primafry inanos M I to a harmion~c

forceI (ta to, sin wt) with aconstant ire-

(d all -t ircit quency, the accelera tion wAOX, (not F0 ) was
held goanstaut. The response X, of the primary

Fig. ~.Control ttyatcr circuitry mass M,. excited by a constant frequency bar-I mionic force and with the control system of the
absorber' deactiviated, was used to determine
the absorber freqnency bandwidlth. The re-

CR2-i and CR2-2 will be open. Therefore, th sponses X I of tR, primary masis M , with and
rdirection of rotation of the electric motor re without the controlled frequency absorber ays-

verses when contacts CR2-3 and 0R2-4 are tent attached to the primary miass were used to
openand R2. andCR2- ar cloed.determine the feasib~llty and effectiveness of

opnadC21td R- r lsd th~e active vibration. absorber.

The Direction Control Circuit will change The absorber frequency bandwidth is de-
the direction of rotation of the 1/4-hp electric fined as the range of natural frequencies over

motor at the upper and lower limits of the ab- which the absorber can be varied. This fre-
tion of rotation until the opposite limit Is unybnwdhwndtrie ymnalcontrolling the location of the absorber miass

The afey Sop Crcut Ilustate Inforc f.wasvaried until the primary mass

Fig.2(d isnecssay t prvid ,a ometar diplae nentX Iwas at a milninmunm. At this

versin- o! the e mc.ciotor topritr-pit h froquency a recorded a!s the ab -_

vesn o i direction of rotation of the motor. aa orho m.asobr natural frequencye arehenaziu
I Because of the time laag in the circuitry, the tebudfoth ore frequencie barewit

miotor will only stop It instinitaneous reversing The abonsforbe ntucralor frequency bandwidth J.
does not take p~lace. It the motor is stopped to 12he tbore naý3 lt.rlfeunybnwdhi
reverse the direction of rotation, It is only . o2.0H.
stopited for an average of 1.9 sec. To Illustrate the forced responoe of the

primary spring -mass system, oscilloscope
A manual control of the operation of the photographs Jin Figs. 3(b), 4(b). 5(b), and 6(b)

electric motor is provided in the circuitry by were taken for different rates of change for the
switches SW-5 and SW-6. These two switches apidfrefeuny..Frteaoepo

are both three-position switches. Switch MI- tgapplie ftre frequoeny, ~or the abovrer pho-
is a holding switch which is used to chanrge from tern that are normally attached to the primary
AUTOMATFý to MANUAL. When switch SW.5 mass during operation of the absorber and that
ts placed in either AUTOMATIC or MANUAL. hbave an effect on the natural frequency of the
it will remailn in p~osition until disengaged. pr'imary' m1ass.

Switch SW-6 is a spring-return switch and In Figs. 3, 4, 5, and 0 the acceleration of
will return to center position whent it in released. the~ shaker table was 0.5 g. and thie ordinate
It is used to manually control the electric motor reprLesents displacement of the primary mianes.
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The natural frequency of the primary system TABLE I I~
as described above io f, .c 23.30 liz.

The frequency of the applied force f,[ Absorber OFF fAbsorber
piottl.ed across the bottom of the aforementioned ICompletey Partially IOPERATMIO
1l1guroo is iIn logarithmic scale becauee the ire-jqueiicy change from the vibrator is logarithmric. 3(a) 3(b) 3(e)
The frequency expressed as a function of time 4(a) 4(b.) 4(e)
io f. - f 0 o " The values of f,, and a are
given In each figure. 5(a) 5(b) 5c

Figures 3(a), 4(a), 6(a), and 0(a) illustrate L 8(ft) ()(c
the need for a dynamic vibration absorbwr, A9
previously mentioned, the knowledge of how to Because the slowes, rate of ehange oi the
design a vibration absorber to reduce the am- fre~joceny of the ayplied force results in the
plitude of vibration to a minimum has been do- largest response at the resonant frequency of
voloped and used for a number of years. heow- the primary s~ysten), a comparimon, of the maxi-
ever, the problem assocoiated with the application mum, peak-to-peak (p-p) ainplitud~a In Figs.
of a dynamic vibration absorber io the coin- 6(b) and 0(c) illustrates the effectiveness of the

* ionly known problem of two resonant frequen- active vibration abdorber. In Fig. 0(b) the larg-
* dos for the 2-degree-of -freedom sysem~i which est p-p amplitude o"curs at t a33.5 see, and

is the. primary syntemn with the 4boorber system the p-p amplitude Is 30 units. In Fig. 0(c) the
attached, After demonstrating with the re- p-p anmplitude at 41.5 gee Is 10 units, There-
sponsess ahown in Figs. 3(a), 4(a), 5(a), and 6(a) fore, the comparison of the amplitude Viclds a
thrt the primary and absorber systems are 6'Y percent reduction. Comparing the ampli-
modeled by the exporimental apparatus, the ef- tudes at 41.5 qee in Figs. 6(a) and (c) results In
fectivseses of the active vibration absorber was a 74 percent reduction,

Invetigaed.Two important considerations in evuluatizag
Previous work with an absorber constructed the effectiveneas of the active vibration :ob-

of a flat steel bar as the spring with a maso at- sorber are -
tached to the end had produced reductions in the
primary mass displacement X 1up as high as (1) Will the control system lag the response
90 percent. The fiat bar systiom was clamaped so that oxcessive amplitude will develop?
very rigidly to the primary mass. Rt was ob-
served In using the rod. system that the rigidit~y M! Wil)l the absorber go ungtable and be
of attachment of the absorber system to the pri- unable to find a. tuned frequency?
mary system has a significant effect on the per-
cent of reduction which can be obtained. For consideration of the first question, the

responses for comparable 4conditiong in Fiva. 3 _

With the absorber system constructed from through (I illustrate that the controll circuitiry
thle one-half-in, diameter threaded rod with the response is certainly capable of maintaining

* movable mans, the reduction in the p~rimary conitrol.
inass displacement X, with the absorber oper-
Ving close to the primary oystem resonant ire. For consideration of the second question,
Qoorney was 0.09-0.005 -0,005 in., or 100x there was a problem during the investigation
6.085/0.09 =04.45 peircent reduction, with the absorber mans M2 not stabilizing.

This occurred when the absorber frequency
To further illustrate the effectiveness of bandwidth was 10 to 23 Hz, and the frequency of

the active vibration absorber on this model the applied force f. was 15 Hz. It is hypotbe-.
system, photographs in Figs. 3(c), 4(c), 6(c), sized that in this narrow absorber frequency
and 0(c) were taken of the forced response bandwidth there was no frequency at which the
of the prictary mass with tHie absorber operat- absorber would reduce the primary mass die-
lng. Photos with the absorber coperating placement X, below the cutoff criterion; there-
should he compared witl. thone of the absorber fore, the control system would continue to seek
nut attached an shown In Table 1. The photo- a frequency, and, consequently, the absorber
graphs listed under "absorber completely mass did not stop but kept changing positions.
off" are tho forced responses of the primary
system without any of the absorber components To provide another check on the effective-
attached. near. of the active vibration absorber, the
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peakk-to-peak displacemeiit at various applied are the result of the amplitude reaching the
frequencies was taken for the following condi- turn-on criterion for the absorber and the ab-
tions; sorber adjusting to a different tuned frequency.

(1) The primary system without any of the Therefore, the primary mass response XI

( componenpr sarysytahed. wowith the absorber operating has a sawtooth
absorber components attached,.perne appearance,

(2) The primary system with the absorber
attached Pnd operating. The ana-lysis and investigation of the con-
For the collection of the above described data, trol circuit were not attempted in this work

orthe crllecton ppdibecause of the nature and scope of the problem
fthpimr mass p-p d~iplacement was deter- o olna oto lmns
mined from the displacement transducer in the of nonlinear control elements.
control system. The frequency of the applied
force was moved from one frequency to another
by running the frequency sweep and then stop- CONCLUSIONS
ping at a given frequency and allowing the dis-
placement to stabilize, or, in the case of the The results of this study show that the ac-
absorber operating, by allowing the displace- tive vibration absorber described above can be
ments of bolh the absorber and the primary very effective in eliminating large displace-
system to stabilize. It is observed in Fig. 7 ments caused by resonances over a wide range
that the attachment of the absorber components of frequencies. The absorber was also shown
to the primary mass has the effect of lowering to be effective in suppressing large amplitudes
the natural frequency of the primary system. caused by a "harmonic" exciting force of chang-
This, of course, is the result of increasing the ing frequency.
primary system's effective mass while the ef-
fective -sprIng constant remained constant. It is evident that this investigation has only

The data with the absorber on (denoted by scratched the surface of a most complex topic.
A) were taken with the applied frequency in- The problem needs to be formulated and studied
creasing from 8.5 Hz. The primary system analytically to assess the effects of the design
response remained about the same with a slight parameters on the operation of the absorber.
downtrend until the applied frequency reached The mechanical and electrical systems obvi-
approximately f = 12.4 Hz. At that point, the ously need to be redesigned before this ab-
absorber started providing a reduction in the sorber could be given practical consideration.
response. There is need for further experimental work to

study not only the response of the primary mass
The slow increase in the displacement X, to harmonic forces but also to transient, com-

and then the sudden drop in displacement X I plex periodic and random excitation.

0 -. 0-1. .- Wh AM

teady ha/mtonic force
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DISCUSSION

Mr. Forkois (NRL): What happens if you Mr. Dunham: If the frequency is decreas-
put a shock input into tihis system? ing and the rod is turning in the wrong direc-

Mr. Dunham: There was no shock testing tion so that its mass is going wrong, it will go
awith this system to the limit of the frequency, turn around andaCtualy performed wigo back and search for a frequency which will

Mi. Sevin (lIT Research Institute): What give a primary displacement below the turn-on
happens if the threaded shaft is tur-ifig in the criterion.
wrong direction?
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DESIGN CONCEPT FOR SUBMARINES

Michael Pakstys, Jr. and George A. Ziegra]
Electric Boat Division of General Dynamics

Groton, Connecticut

| I
This paper presents a new concept in submarine design, the Integrated Shock
and Acoustic Modular (ISAM) concept, which demonstrates the possibilities i
of a greatly improved acoustic and shock resistant submarine. Past develop-
ment of this concept at Electric Boat Division of General Dynamics is sum-
marized. Problem areas in construction and maintenance and possible solu-
tions are discussed. Development and construction of a scale model and
proposed acoustic tests and underwater excplosion shock tests on the model

are presented.

INTRODCTIONdo not approach the shock resistance of the
pressure hull. Hence, a logical conclusion

In recent years, extensive research has might lead to a radical departure from present
been carried out to produce quieter and more design philosophy.
efficient submarines. Tentative radiated noise
levels for future class submarin|es are consid- The purpose of this paper is to present
erably lower than those set for present subma- this new concept in submarine design, the Inte-
rines. It is probable that these goals cannot be grated Shock and Acoustic Modular (ISAM) con-
achieved using present design methods. There- cept, and to review the development of this
fore a new concept is proposed that repr'esents concept at Electric Boat Division of General
a dramatic departure from current design phi- Dynamics.
losophy and shows much promise for' helping to
bring about the step redun ion in radiated noise
which is sought for future submarines. I•.AM CONCE•PT

Also recognizing that, in present subma- The basic concept is to prov~de...within a
Srines, the internal equipment is substantiaiiy subnmarine, a shock-limited environ.ment that

l ess resistant to underwater explosion shock existing equipment and personnel can tolerate,
Sthan the hull, shock specifications for internal and that is designyed so that equipment and per-

equipment and structures have been modified in sonnel can withstand the same shock severity
recent years to require qualification shock as the pressure hiull.
testing, and improved analytical methods and
inputs to obtain greater sh~ock resistance. In To create sucht ,In environment, a number
addition, considering that the shock damage re.. of modules (one per contpartteenti supporting
suits from the motion of the hlil, an attempt the equipment and personnel withip the pres-
has been made in more recent designs to re- sure hull were conceived. These mnodules are
move equipment from the bull structure to envisioned as a system of beanin and trusses.
decks and bulkheads, to reduce or eliminate the All internal equipment w~ould ne mounted to the

*effects of localized motlons, and to attenuate modules. ELntstomeric res•.lient mounts are
inputs through structure, envisioned to join the 'r.odu~er •o the pressure

hull in one of the following wayd: (a) at bulk-
These efforts have created greatly ires heads of .the pressure hull. (b) at frames of the

proved shock hardness in new submarines, but pressure hull, or (c) a combination of (a) and
present designs for intrnal components still (.b).
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The mounts will act as two-way filters to also offer an area that can be designed for very
dissipate the effects of the shock motion of the high impedance, considerably higher than that
hull; ti addition, sound transmission isolation available at hull frames.
provided by the elastomeric mounts would in-
crease the at......... submArltn .... :analn 7. There are indications that structure-
undetected. borne energy reaching the bulkhead will not be

easily radiated from the hull, because the bulk-
A thits point, some of the advantages and head coupling to the hull appears to be poor by

the supporting reasons which demonstrate that comparison with radiation from on-frame
the modular concept should be superior to mounting positions.
present designs will be presented:

8. The pressure hull will be clean because
1. The average structural path length unsymmetric deep frames may be eliminated.

which structureborne noise must follow is in- This should increase structural efficiency of
creased. Thus, inherent and applied structural the hull, and enable greater use of automatic
damping of the path wil result in less noise for welding in fabrication of the hull.
the longer transmission path.

9. Independent of acoustic and shock con-
2. Because the structureborne noise from siderations, such a design should open a way to

all machines must reach the sea by traveling more efficient construction teclhiques. The
through the same foundation and bulkhead, path modules with the equipment installed might be

Sdamping treatments may be economically con- fabricated and assembled as a unit independent
centrated to benefit all machinery noise, of the hull structure. The hull plating and

frame sections could then be placed in the po-
3. Isolation mounting of each machine on sition around the module assembly at the final

rubber mounts in some cases may be abandoned stares of construction with a consequent saving
in favor of a single set of isolation mounts 1o- in time. Work scheduling would be simplified,
cated at the points where the foundation meets because the order of assembly would not be asthe hull or bulkhead, important as it is in the present procedure,

which involves the installation of equipment into
4. For modular designs, the radiated and an almost completed hull.

self-noise levels of the ship could be indirectly
monitored on a pontinuous basis by a small
number of permanently installed vibration RESPONSE TO UNDERWATER
pickups located at the junction points of the EXPLOSIONSSmodules and the hull. Baseline measurements
could be established for the various transduc- The stresses experienced by internal
ere, and then monitored to detect changes. It equipment and foundations caused by the under-
oi possible that these transducers could be water explosion shock result from the motion

used to detect deterioration in plant perform- of the hull. This motion is, in general, quite
ante and als9o for determining what operating complex, consisting of one or a combination of
coditions and ship's speed provide a minimum the following:noise output. Thus, improved tactical perform-ance of the submarine may be maintained. 1. The overall body motion of the subma-

rine cross section, including the rigid body
5. Preliminary calculations show that the motion and possible beam bending vibrations of

mounting system for a module supported only the hull. The average lateral motion measuredSon frames can be designed to withstand and on submarine bulildwads consists principally of
attenuate shock. The shock loading at a bulk- the body motion.
head is significantly less titan that experienced
at intermediate frame positions. However, 2. The local motion of the hull plating andadditional supports at hull frames might be the hull stiffeners including hull shell vibration.
necessary to support the modules for shock This motion is of relatively short duration and
loeading caused by the large magnitude of the is most important for light equipment attached
total module weighl. directly to the hull.

6. Bulkheads offer a readily accessible 3. Local motion resulting from interactionand extensive region in which to control struc- of the hull and the responding equipment-
tureborne noise. Because of their large area it foundation system. This feedback motion de-
should be possible to design very efficient pends on the relative masses and frequencies
damping systems integrally with them. They involved. This effect modifies the motion of
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the hull in the way of larger components, reduc- Zti
Ing the resultant relative motion between the its
component and the hull.

Two extreme types of shock response canbe calculated analytically for broadside wilder-

water attack: the rigid body velocity of the hull
and the early portion of the local radial motion1C
of the hull-stiffener velocity caused by the im-
pingement of the steep front of the shock wave.
These analytical methods advanced by Murray
and Taylor, respectively, are reviewed in
Hef. 1. The peak-stiffener velocity and its
initial acceleration are always higher than the
peak-body velocity and its initial acceleration. 0

0 2 4 6 6 1n

The body velocity, especially for a nuclear TINE - ,
charge, is considered to be the more significant Fig. 2. Base-velocity input
indicator of damage for most of the submarine for example problem
equipment, except for the eouipment directly
attached to the hull frames in line-of-sight be-
tween the center of the submarine and the
charge. Therefore we will concentrate on the The simplest rational greatment of shockresponse of equipment to a given shock motion
prediction of the body velocity. The peak-body of the hull utilizes a shock spectrum that gives
velocity of the submarine for nuclear charges the maximum absolute response of one-degree-
approaches the peak velocity of the water pari of-freedom systems to input motion. For fre-
tidles in the shock front as shown in Fig. for
The pink-body velcity thus c.an be related by aconstant, to the peak-shck pressure. To in- the velocity history shown in Fig. 2, the input

troduce some numbers, let us assume that a motion consists of a constant velocity region
submarine will be subjected to a body velocity equal to the peak-input velocity, and a constant

yshown acceleration region equal to twice the input
history s in Fig. 2. acceleration for frequencies somewhat above

the cutoff frequency. The shock spectrum is
plotted on quadralog paper in Fig. 3. It can

SMPRbUf easily be seen that for this sample problem
much of the hardmounted shipboard equipment
would be subjected to limiting acceleration.
Resiliently mounted equipment, as can be seen

I in Fig. 3, would be subjected to considerably
lower g-loading if the mounts were properly

VtLOt FY tOF• SW •designed to attenuate the shock 0eading.
utAULZED V[LCCITY C'JAV

Recognizing that both acceleration loads
-"- and relative displacements of the modules are

of prime concern, use of nonlinear hardening
WAVY T mounts is desirable. During normal operating

I, conditions Involving small displacements, these
mounts respond as a linear system. Shockloading, however, distorts the mounts into the

nonlinear range. Such behavior is exhibited by
elastomer mounts.

To obtain some insight into the shock-
isolation characteristics of modules mounted
on elastomer mounts, let us examine the be-0 -1 2 havior of a one-degree-of-freedom system

TIME *_C representing such a modular concept. Let usassume that the system will have a 6-fiz natural

Fig. 1. Bodily velocity frequency in the small displacement range of
of soubmarine the mount (desirable for sound isolation) and its
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Fig. 3. Shock spectrum for example problem

et~Qse increaes to 7.5 times in the high dis-
placement range (as shown in Fig. 4(a)). The
shock input at the base of the system is as
shown in Fig. 2, representing the body velocity ,LCTIO.

of the hull. (.W

For a nonlinemr mount, the maximum rel- .EM
tive deflection (Flig. 44$)), was restricted to 3.5
length unIts in 22 me. This is 60 percent of the
ezeurlioa of the linear system. The jw.rmnum
reaponse accolerwati of the bilinear mountit
* shown in Fig. 4(c), exceeds that of the linear
monre by 20 prcent, but is still only 26 per-
con of ýho input aczeloration, . ... ... .

11144 IN MILLIWECOIOS

Both acceleration auW deflection of the non- (b)

liear monnt attain their mximufn values 4eky r MHA

rapidly a dinsh to a low level tefore the I
liear mount has reachve- Ite peak.

11BA CONCEPT DEVELOPMENT
AT ELECTRIC BOAT DIVISIONI ,

Company sponsored research [2] was initi- I
ated at Electric Boat Division in 1983 to study , 0o 60 30 4D 50

the feasibility of the Integrated Shock and TIME IN ILLIWCOfos

Acoustic Modular concept. At that time, em- (C"

pha3is was placed on finding a mounting device
that would support a module and equipment, and Fig. 4. Shock responses
alsoexhibit desired vibrational and acoustical
characteristics.

response muat be defined. This includes dy-
Prior to the evaluation of a system's re- namic input and response, sound transmission

sponse to environmental conditio,-3, the envi- characteristics, and sensitivity to environmental
ronment as well as the limitations on the changes in temperature and fluid surrounding.
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Additional criteria include reliability, weight, the modular structure and the pressure hull.
and cost to incorporate into present construc- Although for one given shock this arrangement
tion techniques. The following is a discussion might be a feasible shock mitigator, theoreti-
of the criteria that are considered of primary cally the system must be able to contend with
pertinence to design, from one to a large number of shock waves.

Once the honeycomb material has been crushed,
Because of interconnecting piping, relative it is no longer useful as an energy absorber or

deflections between compartments and the bu'l sound isolator. For this reason this material
must be limited. The limitation is a functio.. if was deemed unacceptable and further investi-
each lntercompartmental piping system. Pres- gation was abandoned.
ent piping schemes may not possess the flexi-
bility to permit relative deflections large
enough to make shock absorption effective. Pneumatic Devices
Although this problem is acknowledged, a de-
tailed investigation of it is not a purpose of this Pneumatic devices, either alone or in
study. A maximum limit of 3 in. in relative combination with other springs, have been pro-
deflections has been chosen for this study which posed to satisfy the design criteria. Envisioned
is believed to be reasonable if sufficient flexi- is the module supported radially by a number
bility is built into each interconipartmental of pistons in airtight cylinders.
piping system.

The device must necessarily act in the
Certain space limitations are imposed on plus X and minus X directions and therefore

the system; mainly that the module be large the seal must be airtight. If this were not true,
enough to accommodate existing inboard equip- essentially only one-half of the devices would
inent and that the outer hull not be significantly absorb energy for radial shock and the result-
larger than present hulls. These requirements ant efficiency of the system as a whole would
thereby restrict the distance between the two be low. Closer investigation demonstrated that
structures. Two ft is considered a practical spring constants for this device would be much
tipper limit, too low even when many such devices are used

in parallel. This would necessitate the use of
The total weight of the suspension system auxiliary devices in parallel with the pneumatic

shall be small in comparison with the weight of devices.
module and enclosed equipment. Because the
pressure hull is to remain essentially the same From these very basic considerations,
size, too much additional weight would result in pneumatic devices of this kind do not appear to
a boat incapable of neutral or positive buoyancy. possess the dynamic characteristics necessary
A realistic goal might be a system that weighs for effective shock attenuation. The feasibility
not more than 15 p'ercent of the total weight. and effectiveness of pneumatic devices are also

impaired by the following characteristics: (a)
Overall reliability of the system is another limitations of the system In the longitudinal and

important consideration. Under all possible rotational modes because of the one-dimensional 4M

operating conditions, a low probability of fail- characteristics of each d&vice, (b) decreased
ure for the system is required. Operating con- reliability of the system compared with an
ditions include steady state vibrations, shock, elastomeric or helical spring arrangement be-
and operational insensitivity to environmental cause of the possibility of air 16i Rage, (c) need
variation in temperature, humidity, air, sea of an auxiliary system to introdtce damping,
water, oil, and all fluids circulated intra- or (d) temperature sensitivity of the system's dy-
intercompartmentally that might come in con- namic properties, and (e) high cost because of
tact with the system. strict tolerances and intricacy inherent to the

system.--

Four systems have been proposed; namely, st
honeycomb material, pneumatic devices, helical
springs, and elastomeric media. Each is eval- Helical Springs
uated from the very basic considerations con-
tained in the design criteria. A system is proposed whereby the module

is connected to the outer hull by means of ra- -
dial helical springs. Rings containing n num-

Honeycomb Material ber oi springs would be equally spaced longl-
tudinally at every frame (about 24 in.). Each

Honeycomb material has been proposed to spring is assumed to act in tension and corn-
absorb shock energy as it is crushed between pression with a spring constant of K lb/in.
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Assume the pressure hull and modular struc- 3. Elatoniers can be compounded to poe-

hure rigid; only rigid body displace ents will sees optimum damping characteriatics which of
be considered. This system was considered course are then Inherent to the material.
unfeasible for the following three reasons:

4. A bonded elastonaeric sy3tem will pro-
1. For small displacements in the longitu- vide three-dimensional shock and sound isAia-

dinal and rotational directions, the spring con- tion.
stant is essentially zero. A helical spring has
essentially one-dlmensional load carrying 5. Primarily because of the simplicity of a
qualities. For longitudinal displacements, A, bonded design and the ability of elastomers to
the net resisting force ?,, in the longitudinal withstand strains on the order of from 200 per-
direction is FL = 32 k (4ti 0)2 A where k is the cent to 300 percent, the reliability of elasto-
stiffness and 0 Is the angle. merle system is considerad very high.

For small 0, Min0 is approximately equal 0. Although a coat anlysis is not within
to zero. To make clear the seriousness of this the scope of thias p×per, it seems evident that
situation, theoretically (neglecting friction and the relative cost of an elastonmeric system
direct shear resistance) a force of 200 lb, would be low.
roughly the weight of one man, would cause a
relative longitudinal deflection of 1 in. Company sponsored research 13,4] wae'

continued In 1904 with the emphasis on produc-
2, Springs made of steel are susceptible to ing an elastomer compound that would have de-

corrosion from salt water. Protective meas- sired characteristics, and producing a design
uren such as continup. painting would be neces- for a scale model to simulate the structural
sary to deter corrosion resulting from bilge and vibrational characteristics of a comtart-
water, and so forth. ment in a submarine.

3. Because structural damping in helical First, an analytical study was conducted to
springs is only ahout 3 to 5 percent of critical, formulate a design for a scale model. This led
an additional nie'Thuiism must be incorporated to the scale model of a submarine compartment
into the design !4( Jxerease damping to atpproxi- as shown In Fig. 5. It should be noted that this
mately 15 to 20 pvrcet. R•sulting will be an module does not appear like the truss-like
increase in weight which ' .Ieady too high, structures previously mentioned. Stiffened-end
and a decreas in the reiia~lity of the system. bulkheads were designed to have at least the

stiffness of full-scale bulkheads. Free flooding
truncated conical extensions that are attached

Elastomeric Foundation to the ends of the model were designed to pro-
duce low-frequency beam responses similar to

Typical preliminary investigations were an actual submarine. The module itself was
made on elastomer compounds. These studies designed as an Initerstiffened hull. Holes will
indicated that a good approximation to satisfy be cut in this hull so that the remaining struc-
de'lon criterta couid Lb obtained with 106- hre will resemble the previously hnentloaled
degree rubber rings, rectangular in cross trusses and still retain the desired structural
section, and bonded to the pressure hull and and vibrational characteristics. Various
modules. As a result of these preliminary equipment will be simulated within the module
studies, el~atomer was deemed most feasible by vibrating machines mounted on simulated
for the following reasons: foundations during acoustic tests for simulation

of internal machinery noise, and replaced by
1, Blastorners have relatively high energy- masses for subsequent underwater explosion

absorption capability per unit weight which re- shock tests. Not shown in the figure will be a
suits in a lightweight design. for the system, sea-connected section of piping that will be

attached to the module through several
2. Increasing modulus of elisticity with pressure-balanced, ball-type flexible pipe

increasing compressive etrain provide ideal connectors.
properties for both sound and shock isolation;
namely, a "soft" spring for small displacement, The second study concerned the develop-
sitedy state behavior and a "hard" spring for ment of a suitable elastomeric compound. An a
Large dtsplatements resulting from shock, starting point in desWgnlng the elastomer rings

If 248



V i!

Fig. 5. Electric boat Divisaon ISAM model

for the model, the module-ring-hu U system beun proposed, Two series of each test will be
was idealized as a s!mple spring-nines system. made, one with the elastomer mounts function-

lug as proposed and one with steel blocks fas-
The mass represents the weight of the tined between the hull and module to "short

module and the simulated compartmental equip- out" the elastomei. mounts. This second series
ment, and the spring represents the elastomer nearly simulates present designs; results from
ring. The assumption that the outer hull is this series will be used as a basib for compar-
rigid with respect to the inner system is sup- loon.
ported by the fact that the weight of the outer
hull plus the weight of the displaced water (the During the acoustic tests, the model will
virtual mass) is approximately 10 times that of be suspended with the longitudinal axis of the
the module and equipment. Similarly, It was cylinder vertical at a depth of 40 ft. It will be
found that the radial stiffness of the hull stiff- excited at a single point by a shaker over a
ener was much greater than the stiffness of the frequency range of 20 to 5K Hz. Radiated sound
elastomer ring. Within the limitations of these will be measured by three hydrophones located
assumptions, then, the stiffness of the elasto- at depths oi 30, 40, and 50 ft, and about 40 ft
mer rings was calculated so that the frequency from the model. The above frequency range
of the system would be 6 Hz (the desired value will be covered by using a sweeping oscillator
for acoustic considerations). D-, me . o..... Mte sound pressure iCvels for 22^

1/2-deg-ee increments of model rotation over
Elastomeric samples with desired pcoper- half the model surface. Also, point mechanical

ties were compounded, ajid were subjected to impedance and several accelerations meaoure-
both Mtatic and dynamic tests. (See Appendix ments on the inner and outer hull will be made.
for a more detailed discussion.) Based Ott Damping for the two configurations will ie de-
these test results, It was decided that, with termined by measuring the Q at the major
further study: an elatomer with the necessary resonAnces.= characteristics could be compounded.

Using the design that was produced in 1964, The effect of mechanical shock on internal
construction of the one-fifth scale model was components in the ISAM model will be studied
initiated In 1966. All major components Wered by subjecetng the niodel to two f,eries of under-
fabricated ..t that lime. water explosions, each series cansisting of five

explosions of increasing severity as shown in
Fig. 0. For each shot, strains, accelerations,TEST PSO ADIUAM velocities, displacements, and iree-field shock
pressurer, will be recorded. Comparison Ot

To verify past and future analytical shock Inputs will be made on the same basis
sitodies, both acoustic and shock tests have as for the acoustic tests.
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Fig. 6. Proposed ISAM shock test geometries

EFFECTS ON SUBMARINE DESIGN systems that do not require mechanical coupling
AND CONSTRUCTION may be proposed as possible design alternatives

to the main shaft problem. As for certain hull-
Recognizing that the basic concept is a connected equipment, such as periscopes, they

significant departure from conventional design, may be shock hardened and remain mounted on

and that it in in the development stage, one the hull.
must expect that many changes might be re-
quired to conventional design and construction The weight of a truss-like module that
techniques to convert the concept into hardware. ol upr h egto h niero

Th oiiyo h rsletymvne components was calculated to be approximately
The obilty o theresiienty m~ted5 percent of the weight of the components them-

S modules with respect to the hull requires that selves for an acceleration of 15 g. This weight
special consideration be given to m ountin gwi l nc e s w th n r a i g l v l .
complete systems on a single module, and pro- wilnreswthncaigg-ee.

viding flexible connectors in systems that are
supported on a number of modules or that con- There are many problems inherent in the

nect with the hull. Relative displacements of elastomeric system which have yet to be In-

several inches are anticipated. AlIthough many vestigated. These Include creep, strain rate,

systems already employ flexible cor..ectors, mechanical and chemical properties over long

the magnitude of motion accommodated iý, con- periods of time, bonding m_,terial properties,
siderably loes than that which would be required and bonding and installation techniques. Con-

in the modular design concept. struction techniques will have to be conceived

to allow efficient installation and maintainability
Piping systems, particularly sea-connected of the modules.

piping systems [5], main propulsion shafting,
and periscopes, have been cited an examples
where changes would have to be made to con-CO LUIN
ventional designs. O LUIN

Considering sea-connected piping, pressure- This paper has presented the ISAM concept
balanced, ball-type flexible connectors are pres- of submarine design, the development of the
ently being used in systems that sustain high concept at Electric Boat Division of General
internal pzssure and support nearly unresisted Dynamics, and the proposed tests on a scale
relative motions. With some developm m-t they model of an elastomerically mounted compart-

should be quite suitable for adapting to nearly ment. An insight into problem areas was also
all piping needs. Novel submerged propulsion discussed.
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The following conclusions are considered Both the size and weight of an 3SAM sub- I
to be the principal reasons for continuation of marine will be increased, but proper desi of
the development of the ISAM concept. the module will limit this increase to a resanm-able level.

Feasibility studies during the past 5 years
have demonstrated that, by mounting submarine Construction of an 3AM submarine should
compartments on elastomeric mounts, the at- reduce the scheduling and construction time
tenuatlon of underwater explosion shock and because the modules and hull could be fabricated
reduction of machinery noise radiated from a independently.
submarine is greatly enhanced.

Because thit concept is a radical departure ACKNOWLEDGMENTS
from present design philosophy, numerol-z prob-
lems will be created, especially with inter- This work is a summary of company-
compartmental and compartment-to-hull con- sponsored research. The authors wish to ac-
nections. However, continuation of present knowledge the outstanding work performed in the
development in this area should eliminate most project by Mr. V. D. Godino and Mr. J. C. Flynn
of these problems. and other Electric Boat Division engineers.
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Appendix

Samples of the elastomeric compound sub- and one for dynamic investigations. The sam-
jected to three different curing times (20, 30, pies were a scale representation of a 28-in.
and 40 min) were bonded to test fixtures, and strip of an actual ring. The shape factor was
tested in tension and compression on the Tinius 0.37.
Olsen testing machine. Two more samples
were compounded using the curing time found Compression tests were conducted on sam-
to yield the best results, one for shear investi- pies subjected to three different curing dura-
rtions on the Tinius Olsen testing machine, tions. Each sample waa cycled three times
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undeor a maximum compression of - 40 percent The shear specimens were also cycl1ed
(0.25 ift.). A nomparlson of the load-deflection twice to approximately 00 percent deflection in
cutrves indicates that the 30-rain ettring time the htorizontal direction and then loaded to fail-
produced the beat compromide for our puriposes. ure. The ultianate Wa•d was 3600 lb and the de-
The jerimen had an initial static-spring -on- flection was approximately 350 percent. The

stat of 21800 Wbin. The static damping was failure was mnainly a tearing failure similar to

Fcompurted by evaluuting the change In area in the tensile failure; however, the bond did fail in
the load and unload cure. Damping "- AA/A = a few Isolated areas prior te reaching the ulti-
26 percent (static). mate load. The recording mechanism reached

its lirait of travel at approximately 1.8 in. of
Tensile tests were also conducted on the deflection; howev,-er, the failure load was re-

samples of !I all ee curing durations. Each corded and the load-deflection curve was ex-
sample was subjected to a 50 percent elongation trapslareal to the failure load. The failure load
and cycled three times a.- in the compression• was 3900 lb wit h an ext rapolated deflection of
tests. Again the 30-rain curing time appeared - 2. 1 in.
to be the best for our purposes, The initial
spring constant calculated from the experiment The dynamic ch~aracteristic of the comn-
curve was found to be 1900 lb/ln, pounds was investigated by determination of the

gF mechanical impedance of the system shcown in
tn lp ddition to cycling each specimen from Fig. A-1.

k 0- to 50..pe.•cent el~onga--tion, e:ach specimen was
S loaded to failure. The 4e-rain cure apecimen FM, RI) FC, $ýN I

i appeared to have an imperfection in the bond ACIEOtE IU
i• and failed first as a separation of the rubber• Lmts U

from the metal on the top front edge as shown
Sbelow. MD T M

S' ~~~Even with this imperfection, failure (but cedAr_ •.o's

re" -*a-6'J LSWI

not complete failure) did not occur until tTse salc
load reached 800 1 r and the elongation was -140
percent.\\\\\\\\\\

SE•ISMIC GLM
The s 0-min cure specimen failed as a bond f io .A -apo imately 350 er

failure at 1100 lb. The recording e wauipment failuA-waatesarin tuep simir
cwas not working and therefore no record of te; h eth i

tele;ngadion was obtained.

The 30-cin cure specimen was the best The system has essentially one degis ee rc
test of the three becauue nhe bond held through- freedom in the vertical direction. The mass,
out cle t rest, Tie failure in this case was a m, was calculated to produce the actual static
tearing of the rubber that ippeared to start to psi loading on the rubber for a scale model.
initlao e as a stress raiser around an imperfec- For a 360-deiree elastomeric riag, m is ap-

SLion conne of tht crce ends of the arimple. The proximately 0 ab. 'rhe sinusoidc drtvinec
cilurve load and elonb1/tion were 1340-. b ad force, F(t), was produced by means of a 10-tb
240-tv.erent elongation, respectively. electrodynamic shaker aed was measured with

k a Endevco (force gage). Slight coupling with a
lo ear teats were conducted on specimens, rocking mode about the long axis of the rubber

all of whica wore cured for a 30-rin durationd sample was evidenced by resonant frequencies
The fpaimens were firs t aa bjected to a longir of 100 and 129 IN (Fig. A-2). Decause the

tudinal load resulting In approximately 80 per- sound requirements dictate a raeon,'d't frequency
cent deflection and cycled three times tit those Of approxim.ately 50 1lz, tihe mount was redo-..
cowiditiona•. There appeared to be a consider- signed conslderbig only one-fourth of an entire
able amount of slippage in the toot fixture so elastomeric ring wonch in effect increatdes the
that thoe orce-displacement charUo recorded mass from 10 to 40 lb. The impedance test waM
d vuring the tea thire difmicpf to evafiurte. It was repeated for this design revision-
nelosaary to load the pocimen lngd tion unload
to the point where a p dcrease in load did not The resonant frequency (Fig. A-2) of this

ffaeot tho deflection, a thn reload to obtain a oyotei) wo found to be 4D Iiz, and therefore
teanitoftul recorda 7 nd hz for the fuel-scale ring. The 10-1b model
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Fig. A-Z. Impedance curves for elastomeric samples

showed a stiffness of 11,000 lb/in, and 16 per- this effect below and above this range. The
cent of critical damping; the 40-lb model showed results also indicate that to obtain the desired
a stiffness of 10,000 lb/in. and 11-1/2 percent dynamic natural frequency of the system, the
of critical damping. rings should be designed for a stress of 40/2

20 psi. It should be noted here that stress is
These tests inaicated that the strain rate in assumed to be unaffected by the scaling factor.

the 50-100 cycle range wil not have an appre- This assumption amounts to neglecting the ef-
ciable effect on the stiffness; however, further fects of gravity which will be small with respect
tests would have to be conducted to determine to the magnitude of shock forces.
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CYCLIC DEFORMATION CREW ATTENUATOR STRUTS

FOR THE APOLLO COMMAND MODULE

David L. Platus
Mechanics Research, Inc

El Segundo, California

An advanced crew attenuator strut is dcscribed that was developed by Mechanics
S~Research, Lac.. under subcontract from the North American Rockwell Corp., for !

use in the Apollo Command Module to fulfill a requirement for improved land in-
I ~pact cap~ability. The new atxteuatore absorb energy through cyclic plastic defor-

mation of a ductile metal, by rolling a series of ring elements supported on toroi-
dal retainers and compressed between two concentric tubes. These units offer ,
performance advantages over the previously developed crushable aluminum honey-
comb struts, the maajor advantages being tension- comp re ssion capability at a pro- : i
scribed load level, tight load tolerances, capability for acceptance testing prior to -

use, and lighter weight.

A series of static and dynamic tests was conducted on a prototype, using drop test j
S~facilities and special hydraulic teat fixtures, with stroking velocitites up to 52- ft/

sec. The force-time behavior displays a characteristic short duration overshoot
, ~~followed by a steady dynamic value. The peak value of the overshoot is dependent :
Son loading rate. The unit demonstrated an average dynarnic force variation within T
i ;16 percent over a total cumulative stroke of I I Z in.

INTRODUCTION A sketch of the cyclic deformation strut is
shown in Fig. 2. The unit consists of a pair of

The crew attenuator struts support the crew concentric tubes that are held together by a
couch within the Command Module, as shown in cluster of compres~ee ductile metal ring ele -
Fig. 1, and serve to limit deceleration loads on ments supported on toroidal retainers. The
the crew during landing impact. rings, are compressed into the plastic range

through an interference fit. Stroking of the de-
vice in tension or compression causes the ele-

VERTCALments to roll in Lheir co~mpress•ed state and
ATTENUATION STRUT absorb energy by cyclic plastic deformation,x-x AXIS FOOT,, thereby producing a constant resisting force.

VEATCA The Apollo crew attenuators utilize type 6AI-4V

ATTENUATIO SIRUT titanium alloy tubes and Maraging steel ring
X-X AXIS 11We elements supported on aluminum retainers.

AT TENUATION
STRUT

SZ-ZAXIS THEORY OF CYCLIC DEFORMATION

4- ENERGY ABSORBING DEVICES

BEARING PLATE--- The attractive features of a cyclic defor-
LATRA mation energy- absorbing device result fromSAT TENUATION
STRUT • some well-lunown properties of ductile metals
Y-Y AXIS under cyclic plustic straining:

Fig. 1. A1pollo crfew couch- 1. Cyclic plastic straining of aductile metal
support structure at a fixed strain range produces a hysteresis

A5

I=



"INNER CYLINDER

OUTIFIR CYLINDER..

WOfRING RING ELEMENTS

RING SEGME T ~ 2

(Potent Pending) RETAlWtrR RING

Fig. Z. Cyclic deformation crew attenuator strut

loop that stabilizes during the first few cycles, specific energy absorption is approximately
S Repeated cycling results in almost constant en-- 700,000 to 800,000 ft-lb/Ib.

ergy absorption per cycle until eventual fatigue
failure. Ta the rolling ring configuration of Fig. 1,

the rings are compressed slightly out-of-round
2. Plastic strain or low-cycle fatigue be- into the plastic range. Stroking of the device

havior for most ductile metals follows a simple causes the rinjs to roll and produce cyclic
power law relating plastic strain range (width plastic bending deformation as the points of
of hysteresis loop) and fatigue life. maximum strain are translated around a ring.

Referring to Fig. 6, the material is cycled
3. The narrower the hysteresis loop, the through a complete hysteresis loop when point

greater the cycles to failure, and the greater A moves to B then to A'.
the total energy absorption at failure.

To insure that the rings roll rather than
4. Cyclic plastic straining to failure re- slide, the ratio of squeeze force to roll force is

suits in considerably greater energy absorption selected so that the sliding friction force is al-
than unidirectional straining to failure. Specific ways greater than the roll force; that is (coeffi-
energy absorption (SEA) for N cycles to failure cient of friction) x (squeeze force) > roll force.
is approximately N times SEA for unidirectional However, it is desirable to maintain the squeeze
straining to failure, force only as high as necessary to minimize tube

wail thickness and strut weight.
Plastic strain fatigue behavior of ductile

metals is described, for examnle, in Ref. [1] to
[5], and a general discussion of cyclic deforma- APOLLO CREW ATTENUATOR
tion energy-absorbing devices is presented in STRUT DESIGN
Ref. 161. Some of the properties are illustrated
in Figs. 3 to 5. Figure 3 shows fatigue data for Three attenuator ...'ruts, identified in Fig. 1
several metals [1]. Figure 4 shows, schemat- as the XX-Head, the XX.-Foot, and the ZZ, were
ically, the relation between size of hysteresis designed as summarized in Table 1. A design
loop, cycles to failure, and specific energy ab- objective on load tolerance was ±5 percent at
sorption, and compares cyclic straining wi(h stroking velocities from quasi-static to 52 it/
unidirectional straining. For purposes of if!us- sec, over a total cumulative stroke of 112 in.
tration the stress in Fig. 4 is shown as constant. Additional design requirements included com-
In general, ductile metals under cyclic plastic pressivie stroking of the units in their fully
straining will exhibit some strain hArdening, extended condition under the lateral G-loads
which results in higher stresses for greater indicated in Table 1, and certain tightness re-
plastic strain range. Figure 5 shows approxi- quirements under a prescribed loading history
mate specific energy-absorption capacities for simulating reentry conditions. For example,
several metals as a function of cycles to failure permenent deformation of the prototype ZZ strut
161, At 1000 cycles to failure, for example, could not exceed 0.090 in. after loading at less
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Z o o 2 5 ALUMINUM ANNEALED
R A "OFHC COPPER ANNEALED

?~I 1-ii018 CARDON STEEL ANNEALED

01 MONOTONIC -o oNICKELA ANNEALEDOFRACTURE •I
POINTS -o24$T DURAL

a1.

0011

0.1 I 10 1S0 1000 10,000
CYCLES TO FAILURE

PLASTIC STRAIN RANGE VERSUS CYCLES TO FAILURE

STAL____
RANGE1

PLASTIC STRAIN RANGE

Fig. 3. Low-cyclic fatigue data (see Ref. 1I])

the rings because of its combined high strength
tj UNIDIRECTIONAL STRAINING and superior low-cycle fatigue behavior. Type

TO FAILURE 6AI-4V titanium alloy was used for the tubes
STRAIN because of its high strength-to-weight ratio andSAREA- (Specific Energy Absorption) SE A other desirable features.

w ndirectional unidirqlctoi'ml
CYCUC STRAINING WITH

5 CYCLES TO FAILURE The ZZ strut presented the most difficult
STRAIN design problem because of its higher stroke re-

quirelnents in relation to strut size and load

SEA TOTAL AREA = 2 SEA level. A sketch of this strut is shown in Fig. 7
unidirectionoi and a photograph of the disassembled prototype

U) CYCLIC STRAINING WITH is shown in Fig. 8.
IIIIIIIIII isCYCLES TO FAILURE

STRAIN

L •"iPROTOTYPE ZZ STRUT
TEST SUMMARYSEA - TOTAL AREA Q 3 SEA

unidirectional
A test program was conducted for designI* ' 7CYCLIC STRAINING WITH verification cf a prototype ZZ strut. Static and

25 CYCLES TO FAILURE quasi-static tests were performed on a Tinius-
Olsen tensile tester. Dynamic tests were per-
formed using drop-test facilities and special

SEA z TOTAL AREA u 5 SEA strut testing facilities.
ULidlr•cicnaI

Final design verification tests of the proto-
Fig. 4. Relation between hysteresis type strut under dynamic conditions were per-
loop and specific energy absorption formed on two special strut-testing facilities at

the North American Rockwell Corp. The Low-
Velocity facility at the Hydraulic Laboratory was

than 110 lb/seec to 8528 lb, holding ;.t this load used for stroking velocities up to 10 to 15 ft/sec,
for 1 see, then reducing the load to 100 lb. and the High-Velocity facility at the Structures

Laboratory was used for velocities up to 52 ft/

Ring element design data w'te generated sec. Stroking force was obtained from strain-
for various materials using specially designed gaged load links. Strut position in the Low-
test fixtures. Maraging steel was selected for Velocity facility was obtained by a rotary
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CYCLES$ TO FAILURE " !

Fig. 5. Approximate specific ene rgy ab Aur•t ( ,f .
cycles to failure for several metasl (Sti*•, Rt •'.

MAXIMUM TNIESRI

STRAIN Fig. 6. Strain distributions

A -in compressed ring

-3908 -

,'ig. 7. Sketch of ZZ c *,u-

TABLE I
Design Sunmmary

Level troke Strok
itiitial Maximum Force Tension Compression Lateral Strut

Strut Lengtha Diameter Level Stroke Stroke Weighto

r(in.) (in.) (b) (in.) (in.) G Factor (Wib)

XX-Head 36.68 2.80 5580 16.50 1.00 33.5 9.81

XX- Foot 31.70 2.80 9300 16.00 1.00 32.4 13.57

ZZ 39.08 2.86 9300 18.50 5.00 32.4 13.60

aDistance between spherical bearing centerline. 258
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Fig. 8. Photograph of disassembled 1

prototype ZZ strut 40126
TIME RE 3 )

- /O

ACCELERATION b

potentiometer connected to a pulley, and an in- -
ductance transducer was used In the High- I £ ! /
Velocity facility. A backup system of break
wires was also used for position/time measure-
urements in the High-Velocity facility. Asso- ,2900
ciated instrumentation permitted readout of
stroking force and stroke position on a convon- Fig. 10. Typical high-
tional direct writing oscillograph. Estimated velocity data -- run no. 1
system frequency response was in excess of
200 Hz.

100741b-

The force-time behavior shows a charac-
teristic short-duration overshoot, followed by a
fairly steady force level, as illustrated in Fig. 9.
Typical results for one set of ring elements are FOhCE 2,593 lb
presented in Tables 2 and 3 which summarize
data for the low-velocity and high-velocity tests.
Both peak and average force values are given '0
in Tables 2 and 3, as well as the loading rate,
which appears to affect the overshoot. Figures 20
10 to 12 show typical force and acceleration It0
histories reproduced from the oscillograph 03
records, and velocity histories determined > o0'- .....
froin the position transducer data. The efiect TIME (4s) 1m2

of loading rate on overshoot is shown in Fig. 13,
where overshoot is defined as the difference be- -,

tween peak and average forces, divided by the "V

average force. 90735C--
940C

FORCE Fig, 11. Typical high-velocity
data -- run no, 3

-PEAK FORCE AEREFOC

A summary of the average dynamic force
behavior in terms of cumulative stroke is shown
in Fig, 14, based on the results of Tables 2 and 3.
The data points in Fig. 14 are identified in terms of
maximum stroke velocity and onset rate.

TIME A pronounced effect of loading rate on
Fig. 9, Characteristic force- overshoot is indicated in Fig. 13. It is believed

time behavior that this effect is a result of the inertia of the
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TABLE 2
Prototype ZZ Strut Low-Velocity Test Summary- I I

Velocity Stroke Peak Force Average Force Loading RateRun Direction (it/see) (in.) (lb) (lb) ( 10 6i lb/sec)

1 Tens. 7.9 5.38 10,000 9,570 1.76

2 Comip. - 3.5 - -

3 Tens. - 3,5 - -

4 Comp. 8.95 5.38 9,500 9,200 1,82

5 Tons. 0.02 5.30 10,300 10,220

8 Comp. 0.02 5.10 10,000 0,920 -

f Tens. 7.50 5.38 10,800 9,750 1.74

8 Coz11p. 6.165 5.39 9,550 0,300 1.63

9 Tens. 8.45 5.38 10,250 9,750 1.25

0 Corap. 0.02 5.38 10,300 10,250 -

TABLE 3
Prototype ZZ Strut High-Velocity Test Summary

Maximum Stroke Peak Force Average Force Loading RateRua Direction Velocity (in.) (lb) (lb) (106 lb/sec)
(f t/sec)

I Tens. 46.0 6.25 11,780 9,187 5.6

2 Tens. 46.08 6.06 12,010 9,091 6.7

- Comnp, 32.7 6.19 10,070 9,054 3.3

4 Comp. 29.7 6-13 10,610 9,245 4.5

5 Tens. 46.8 6.94 10,800 9,127 3.9

6 Tens. 32.7 6.44 12,070 9.399 6.4

7 '•mp. 27.3 5.16 11,170 9,116 7.5

8 Comp. 18.2 5.91 10,770 9,458 4.4

9 Tens. 40.9 7.84 10,350 9,076 4.0

10 Tens. 30.1- 5.20 11,540 9,129 5.8
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I3 lb ring and retauner elements and friction between [
S.[.0 ^,-- the moving pat, miand Io not inherent lh the eyelie

deformation behavior of the working metal. The
o__9o01 \ (V P/.- loading rates experienced in these tests are

lb considerably greater than those antlcipated dur-

40, ing landing impact of the Apollo Command
,0 Module.

~20 The relatiomi between average dynamic force
10- and cumulative stroke of Fig. 14 shows a rather

steady forco behavior with increasing stroke,
0 4 0 2 ,0 20 24 2e for the total stroke range Indicated. The data

"kirf (bt also indicate a slight negative rate sensitivity

at the very low levels of stroking velocity. This
ACCWI*A0N may be a result of internal friction between the

moving parts, which decreases as the coefficient
of friction decreases with increased velocity.

60

CONCLUSIONS

Fig. 12. Typical high-velocity
data -- run no. '• An advanced crew attenuator strut for the

Apollo Command Module has been described.
The new attenuators absorb energy by cyclic

40 A LOW-VELO.ITy TESTS deformation of a ductile metal and offer sig-
L T nificant advantages over the previously devel-

-0IGH-VELOCITY TESTS oped crushable aluminum honeycomb struts.

20 /The theory of cyclic deformation energy-

absorbing devices has been discussed. It has

.-- " been shown that cyclic plastic straining to fail-
01 ure of a ductile results in considerably greater

__w4 ioenergy absorption than unidirectional straining
-'•--, •• • • ••- • to failure. The form)ation of a stabilized hys-

lOADING RATE 110 6 ltwc) terests loop under cyclic straining of a ductile
metal enables these devices to provide an al-

Fig, 13. Effect of loading rate most constant resisting force iuring repeated

on overshoot uperation in tension ane compression.

10,400

02 02
10,200 UPPER 17et IGuRf IS MAAxIkUM
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Fig. 14. Average dynamic force vs cumulative qtroke
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ITeets on a prototype Apollo crew atteniator elficiency, repeated operation in tensino and
strut at stroking velocities up to 52 ft.sec indi- compression, and precise force levels are re-
cated force-deformation behavior in tenshn and quired. They are ideally suited to structural
compression approaching that of an ideal energy overload applications because negligible de-
absorber. The average dynamic force variation formation occurs until the design load is
was within t16 percent over a total cumulative reached. The units can be designed for a wide

stroke of 112 in. with very low-rate sensitivity, range of load and stroke capability and require
little or no maintenance.

It is expected that these devices will find
wide application where high weight and volumeI
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DISCUSSION

Mr. Davis (Fairchild Hile1r): I have noticed here, namely the deformation of the ductile
some designs in the literature that include rub- metal, I think we can expect good performance
ber, and yours has the steel inserts. I am in- over extreme environments. We are dealing
terested in automotive applications. What range with essentially plastic flow of metals and the
or performance would you get under environ- variation in force behavior will pretty much
ments such as temperature or humidity? Can follow that for straining of ductile metals. Of I-
we get reasonably predictmbie p)ropoerties over course, there are high teraperatuireal,,oys• whc..,,'^
extreme temperature ranges? will perform over quite a wide temperature

Mr. Platus: I am glad you asked that ques- range. So I thilnk we can expect to get pretty
good behavior over a wide range of environ-

tion. W e are Interested tit ,utona_;1.. •- app•'.ra- e.a '. ext:rv ne a.
tions also. Because of the mechanism employed
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DEVELOPMENT OF THE KINEMATIC FOCAL ISOLATION

SYSTEM FOR HELICOPTER ROTORS

Rodnev W. B3alke
Bell Helicopter Company

Fort Worth, Texas

Because of out-of-balance forces and the acymnmetrc airflow over the rotor disk of a boli-
copter, the vehicle is subjected to considerable low-frequency excitation. To enhance crewand passenget comfort and improve com~ponent reliability, some form of isolation system is
generally (lesirable. Conventional meth~ods of is~olation are compromised by the requirement
that the large steady forces and moments and the long-duration transients resulting from
maneuvers not cause excessive pylon deflection. A simple, highly effective isolation sys'em,
based on a new concept, has been developed for this environment. This concept utilizes link-
ages fox proper.y placing the elastic axis to achieve zero-angular response at the desired
frequency produced by a balance of inertial, spring, and exciting forces. The optimum focal
regions for the isolation of rotor inplane forces at discrete harmonics and subharmonics, de-
fined in terms of focal distance and spring rate, are shown by analysis. Branchear of the op-timum loci are shown to exist for some configurations above and below but not at the pylon-
fuselage interface or mounting plane. Design criteria are developed and discussed for each of
the two branches.

The development of an isolation system that achieves greate., focal distances than the focal
elastomeric mounting, while providing a high degree of restraint to -otor t'hrust ;nd torOu-. . A
followed from initial concept through analysis, fractional and full-scale model tests, and
ground-vibration and flight tests. The resulting kinematic focal isolation system, weighing
less than I percent of design gross weight, provides theoretical isolation of 78 percent in pitchand 92 percent in roll. Ground- and flight-test data show that the theoretical values are ap-
proached. Field experience with this isolation system--which is used in the Model Z06A.
TH-57A, and OH-58A helicopters--has proved the components to be rugged and the system to
be reliable.

INTRODUCTION, Efforts to reduce the oscillatory forces

have been of limited success. Tailoring the

Current trends in mission and design obiec- rotor and/or fuselage to avoid resonance is
tive. nre -owaid higier speeds and betor per- tuaue'l 'ttempted but is not by ii eq adequatr
formance. Coupled with these objectives are to insure low vibration. !'herefore, to enhance
requirements for low frontal area, lighter, more crew and passenger comfort and improve corn-

powerful turbine engines, and more efficient ponent reliability, some form of isolation sys-structure and dynamic components. With the tern is generally desirable. This is particularly
increase in airspeed and power, there is an at- true for a two-bladed teetering rotor, because
tendant increase in rotor-generated oscillatory of the frequency and magnitude of the rotor hub
loading and vibration, forces produced. For rotors with three or

more blades, isolation is not always mandatory
Four considerations are involved in mini- but is often des.irable to reduce sensitivity to

mizing fuselage vibrations and improving corn- out-of-balance and out-of-track forces and high
ponent reliability: (a) minimization of oscilla- frequencies. For rotors with articulated blades,tory airloads, (b) optimization of rotor dynamics, mechanicatl stability considerat~ions either pre- ,:(c) optimization of fuselage dynamics, and (d) clude the use of isolaters or otherwise limit
attenuation of the excitation forces through he control of vibrationsi o tr
isolation.
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The number of 1- -ave oth-r finctional components. The smanllmotions

been proposed 11-61 that include passive, servo- allowauie fc: steady and transient loading make
j null, fully active, and hyb.--d aystp-ý-s. In prac- it necessary to provide a high degree of vertical

tice, only a few systems meet the necessary restraint. A conve.3ional system, combining a
Sdesign criteria and are efficient, light weight, vertical restrairtn vith niuunts having high herl-

and rugged. zontal spring rates (Fig. 1), ca, be used to iso-
late the fuselage from inplane rotor excitations
which tend to produce pitch and roll, TypicAl

CONVENTIONAL ISOLATION SYSTEMS plots of angular pylon respo~nse - and angular
fuselage response a, are shown in the figure,

Conventional methods for isolating black along with the rigid-body response ih. The
boxes such as electronic packages - using first peak is a pendular mode resulting from the
elastomeric springs or metal springs and fric- assumption that the thrust force is vertical and
tion dampers - represent o=2- of the best known invariant. This assumption is not valid for ex-
fields of vibration Isolation. These methods, tremely low frequencies. In this mode, the
however, can not be applied directly to hell- rotor thrust and the g-field act as restoring
copter rotor Isolation. In the helicopter, two forces. The second or pylon mode, which in-
free bodices- pylon and fuselage - are suspended volves deflection about the elastic axis, is
to the g-field by the rotor's thrust, while for usually located below normal rotor operating
most configurations, rotor counter-torque, en- speed.
gine torque, and steady rotor inplane forces act
across the isolating system. With this system, the best isolation is

achieved with the softest springs or elastoineric
Conventional Isolation requires that the mounts that o;the- coisderations will permit.

natural frequency of the system be below the Two of these considerations are: (a) the re-
frequency to be Isolated. For common rotor- quirement to minimize torsional deflections
generated frequencies, this requirement makes which cause input-shaft misalinemente if the
it necessary to use a relatively soft system. engine is not rigidly attached to tOe pylon, and
The large steady forces and moments and the (b) the requirement to minimize pylon response
long-duration transients would result in large to pilot control inputs and subharmonic .i-iila-
la'.c and tra..iasit deflections across the tions pr-,duced by gusts. These considerations

pylon-fuselage interface - deflections thnt could set a lower limit, which is higher than desired
not be accommodated by the control system and for isolation, on the spring rates.

.5/REV 2/REV

I ill

SFREQUENCY (H.)

S.5/ 1 V IRE 2/M•'

* z i/ I/£ I

! ~ I 1 iI '

i RIGI BODY

ii ItR'SPONSES 7

FREOULNCY (He)

Fig. 1. Conventional helicopte•r isolation
syst~er with vertical restraint
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Fig. 2. Focal elastomeric isolation system

FOCAL ISOLATION SYSTEMS above normal rotor speed. These arrangements
;'ermit the thrust of the rotor to be rigidly re-

Focai elastomeric mounts 17] are often strained and provide pitch and roll (angular)
used to decouple the translational and rotational isolation to Inplane shear forces. The available
modes in the mounting of black boxes. This focal depth, which is independent of the mounting
_ .ye.p. ................ I u,,. un- breacith, is virtuoaity unlimited.
less large mounting breadths 21d, and an ex-

tremely high ratio of the spring rates KP to Ka
along the two principal elastic axes are used. ANALYSIS AND RESPONSE
If utilized for rotor isolation where there are CHARACTERISTICS
large eg offsets, the large mounting breadths
would increase furtlar I r' nte area, ,'h!ch A blalyijied anslysis [6i has been used to
would also increase drag. Decoupling is usu- study the behavior of the helicopter in flight.
ally achieved only in a single plane, and there The equations for the angular pylon response
is limited restraint to rotor thrust and torque, a and the angular fuselage response ,if to

rotor hub forces and moments were derived.
A better method for achie% .a large focal Only the shear force excitation case is consld-

distances is the use of a pair of kinematic link- ered in the isolation of the Bell semirigid rotor
ages (Figs. 3(a) and 3(b) attached by pinned system. The rigid-body response ab is found
joints across the pylon-fuselage interface and by considering the two bodies, pylon and fuse-
directed toward the desired focal axis. A metal lage, locked together (I K, - 0).
or elastomeric mount provides the necessary
restoring spring. For the undamped case that An idealized response plot and the related
is shown, both the pylon and the fuselage exhibit mode shapes are shown in Fig. 4. With the
optimum (theoretically zero) response points, proper combination of system parameters,
The upper focal arrangement is relatively stiff, focal depth, and spring rate, it is possible to
and the pylon mode may occur at frequencies minimize the pylon's response to rotor
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subharmonics and simultaneously to minimize place the pylon's center- of- gravity above that
fuselage response to higher integral multip'les of the fuselage and that use a focal point below
(n/rev) of the rotor speed without amplification the rotor hub, the conics open upward. The
at the fundamental rotor frequency (n- 1). The optimum response characteristics to each pitch
angular trans mlisibility is defined as and roll excitation can thus be defined for any

helicopter configuration.

T 21

"tb
DEVELOPMENT

A three- dimensional plot of fuselage- roll
angular transmtssibility at 2/r-eV As a function Design Conxfiguration

of spring rate and focal distance is shown inFig. 5. The peaks Pnd valleys of Fig. 5 corre- The Bell Model 206, a

spn to ma~xlnmu m. nd miiinium fuselage re- helicopter, how a silhouette that to conventionl tIl
sponse loci, respectively. for single- lifting- rotor helicopters. The pylon,

Equations for minhtnum pylon res3ponse %. shlii, and rotor, is entirely above the fuselage
lIoci and minimum fuselage response a,. loci structure. The engine is mounted on top of the

are derivod in the Append-_-. These equations fuselage and Is connected to the main tranomis-
S• anu th- equntion !or maximnum response are slon through a floating shiaft with 61-.4erical-

written In the formn Oc2 + Q el - QoKtco = U, tooth-gear couplings. The pylon Is essentially
Swhich to the equation lor a Kg, parabolia 19 1. symmetrical, is light weight (a .plon-to-fuselage-

ratio of 0.173), and has low Inertia (a pylon-to-
The coefficients Q, Q,. and Q, are quad- fuselage ratio of 0.011 in pitch wid 0.0240 in roll).

raties in -2,. Therefore, the characteristics of The Model 206 uses the Bell seimirigid two-
the conics defining the loci of maximum and bladed rotor, which tranomitO oscillatory forces,
minimum response trary with -. as shown in but no significant vibratory moments, into the

Fig. 6. Figutre 0(a) shows the locus of minimum rotor shaft. Th, predomnlk-:nt excita•tion fro-
,. pylon" response at low frequency; Fig. 6(b) shows qtienctes are I/rev (6.51 flz) as a result of out- "-
Sthe loci of maximuim pylon and fuselage re- of-track atnd out-of-halance and 2!rev (13.14 11z) •

Smum fuselage resp~onse. For configurations Mat blade response.
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Design Criteria and Torque The resultant torque vector is aft, at an angle
iRestraint Requirements 0 of 10 degrees from the vertical. Each of

these torque vectors is interrelated and for most
A-oitu.gh !ocal-point choice@ were thieoret- flight conditions varies in ihe sanv pruoriiuon,

really unlimited and the use of kinematic focal thus minhnizing the variationis in the angle 0.
linkiees ov• - the difficulty of obtaiini'
large focal - es, there remained a number
of practical consideratin•ts. Extensive efforts Fractional-Scale Model Tests
were made to establish definitive criteria for
static, dynahic, and transient deflections to in- Fractional-scale models were used in the
sure the compatibility of the pylon-isolation development of the Model 206 focal isolation
system and the structural sand functional com- system. The first was an unsophisticated, uni-
ponents of the vehicle. The static criteria directional plywood model with rigid-body pylon
which were chosen to prevent excessive input- and fuselage; it was the first attempt to use
coupling misalinement and to insure clearance linkages to achieve focal distances. Positive and
between the rotor and the fuselage, are shown in negative focal regions, as well as a parallelo-
Table 1, along with dynamic criteria for lsola- grain arrangement, were investigated. In addi-
tion and oscillatory deflections. tion, the effect of engine-to-transmission cou-

pling friction was evalhated.
The steady-state torque vectors that act

upon the pylon (main rotor countertorquo, The second, smaller model was bidirectional
engine-input torque, and lateral hub shear to providing isolation in both pitch and roll. It per-
balance tall- rotr thrust) are shown in Fig. 7. nitted the evaluation of a flexible fuselage.
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PYLON ROLL AXIS

rtr. 7. Torque restraint requirements

TABLE 1

Design Criteria

Static Criteria

Plane Steady Force Rotation
0(b) (degrees)

Pitch 200 1.00
Roll 200 1.25

Dynamic Criteria

Plane Oscillatory Force ( trmnesitiiy)

Pitch 0.04 x gross weight 20
Roll 0.10 x groas weight 20
Vertical 0.10 X gross weight 100 or less

I J (No Amplification)

Trannmieeion Input Shaft Motions

Direction Shaft Mleallnemort Relative Oscillatoey Motion
(degrees) (in.)

Vertical - o., ±0.13
lAterial i0.75 10.13
Axial -- 10

Component Life: 1200 hr
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Qualitative And sme rvugh quanitlative daa particularly when thk systemI le 1fU-used nOetr
were obtained front the~e modelp, The sig- the pylon center of gravity. Although the pres-
nifican! rcsults of the T)relihinary tests were ence of the rotor shaft bending iod.4 cn modify
as follows: the response characiteristic- the general trend@

defined by the rigid-body analysis still hold.
i. Good isolation was achieved for focal The qualitative model I/rev and 2/rev response

regions both a'bcve and below the momtaiing dat., shown In FIg#, 11(a) and 11(b). respec-
plane. tively, demonstrate this.

2. Large relative motions occurred at focal
points near the pylon center of gravity. Full-Scale Model

3. Input shafl friction was foound to N, quite
detrimental to pitch isolation when using low or Construction of a full-scale, vidirectional
negative focal points. model (Fig. 12), with mass and stiffness value

approximating the Model 206. permitted the In-
Sveatigation of isolation In ýh rl;tch and roll.

These results were sufficiently promising to
warrant more Getailed study. Seats werp installed 8o tha rn- v onnel could sit

in the model and directly evaluate the effect on
Investigations of the rotor sltatn • vibration of several parameters. Theme patram-

mode, which if Improperly located could nig- eters included a widc range of positive ind nega-

nificantly alter the Isolation of the focal system, tive foctal retances and variations In pylon

were later made, both analyatically and on the Spring rates.
third fractional-scale model shown in Fig. 8.
Typical response curves i)re shown In Fig. 9. Initial tests of this model resulted in a poor
The rotor shaft bending mode wan, calculatcd as ride because of the friction in the spherical
a function of focal depth and the caiculated data bearings in the linkages connocting the pylon and
were compared with measured dota (Fig. 10). fuselage. Replacing the metal-to-metal bearings
These results show that there is no problem with self-lubricating Teflon fabric-lined bear-
with regard to the Model 208, because the 'ow ings provided good isolation. The tests showed
I/rev and 2/rev transmissibility is preserved, a rotor shaft bending mode near 20 Hz which is
but results do indicate the capability of the focal high enough to have little effect on low-frequency
system to vary the reter shaft bending frequency, isolation.

Fig. 1. Fractxumal sc4le model used t. inve•tigate

rotor shaft flexibility
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APPLICATION Design Selection

Conies for Design Configuration Careful review of the analytical and quan-
titative model data and consideration of the de-

The equations shown in the Appendix were sign criteria showed that optimum 2/rev roll
used to calculate the maximum and minimum isolation could be achieved when c = - 18 in.
response loci in gitch and roll as shown in Figs. and the spring rate is 1.0x 105 in.-lb/rad and at
13 and 14, respectively. Loci for 0.5/rev, the same time meet the static criteria. This
I/rev, ard 2/rev pylon response are shown in system would have a pylon or natural frequency
Figs. 13(a), 13(b), and 13(c), respectively. Fig- -, of 3.0 liz. The opt'mum isolation could also
ures 14(a), 14(b), and 14(c) are sImilar plots for be obtained with c - +39 in., a spring rate of
roll response. The static limit in pitch of 1.0- 0.3 x 106 lb/rad and a pylon frequency 6.3 Ilz.
degree rotation for 200-lb hub shear force is
shown In Fig. 13. The corresponding limit in Similarly, the optimum pitch isolation could
roll of 1.25 degrees rotation for 200-lb hub be obtained at c = -21 in., K = 1.3x106 in.-lb/
shear is shown In Fig. 14. Three-dimensional rad, and ,, = 3.0 Hz, or at c = +38.5 in., K,
contours, as shown in Fig. 15, were constructed 0.35 x I06 in,-Ib/rad andd., = 5,0 11z. In either
and found to be quite useful in the study, case, optimum isolation could be obtained with
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Fig8. 12. Full-scale model

higher values of Kt by choosing the proper focal Tlhe two kinematic links used on the full-
depth along the =uve of the loci of zero re- scale model to obtain the desired pitch and roll
sponse; howev .r, for Increasingly stiffer springs elastic axes were canted to form a plane of in-
structural deflections become more and more tersection perpendicular to the resultant torque
significant. vector. This arrangement minimizes steady

state pylon deflections resulting to torque. A
Because the oscillatory hub forces in the single elastomeric mount is used to provide re-

lateral direction are higher than those in the straint in pitch and roll. 'rhe final design con-
fore-and-aft direction, and the fuselage roll gic•,uration is shown in Fig. 16.
inertia Is louer than the pitch Inertia, primary
emphasis was placed on roll isolation. How-
ever. the consideration of rotor shaft flexibility Isolation System Weight
led to the selection of a higher focal point than
that indicated by the rigid body analysis. The The isolation system used in the Model 206
lateral focal point was chosen at r -- o, defined weighed 23.2 lb or less than 1.0 percent of de-
by~ point P In Fig. 14. Roll response takes ad- sign grose weight. The weights oi its comps-
vantage of Inertial amplification to provide good nents are shown in Table 2. it no isolation sys-
Isolation and. to minimnize transient response to tern were employed, some of this weight would•[-

rotor-force variations. be required to secure the gearbox€ to the fuse-
, • lage.

The strontg influence Of input-shaft friction

I

on pitch response fo:" low and negative values
of c led to the selection of a high focal point at Ground Vibration Testa!
the, iuput-shaft axis, defined bý point P in Fig.
13. ThiL, choice also precluded the very high Ground vibrati~on tests were made by sus-
relative motions across the pylon-furielage in- pending the h.elicopter by its rotor htub witha
terface ageociated with focal points slightly shock cord to put the rigid body vertical fre-
farther fron) zero. Tests of the full-scale quen~cy below I Hz. A mechanical oscillator at- I
model incorporating the final desi•gn geometry lathed to the rotor hub produced lateral excita- [
Including the flexlbhe rotor shaft of the Model tions. The oscillator and ballast were used to
2013 showed good 2/rev isolation. simulate the weight of the blades. A roll- rerponse
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Fig. 15. Typical thoee-dimrenional contour;
transmnisaibility af a function of focal distance
and effoctive torsional spring rate
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Fig. lb. Final design configuration of Model 206
kinematic focal isolation syStem
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TABLE 2
Weight of Model 200 Kinematic Focal Isolation System

Component Quantity Weight

Upper link attachments 2 2.20

Kinematic links 2 4.00

Lower link attachments 4 3.09

Eiastomeric mount 1 4.10

Mount attachment to gear box 1 1.10

Static stop I 0.65

Fuselage roof beam fittings 6 4.85

Washers, shims, bolts, nuts - 3.19

Total weight 23.18

Percent of design gross weight 0.799

plot of vertical acceleration of the pilot's neat CONCLUSIONS
per pound of lateral hub force is compared in
Fig. 17 wtth the calculated data. Good pitch The significant conclusions derived in the
isolation, similar to that shown In roll, was also development of the subject rotor-pylon isolation
obtained, system follow:

1. The kinematic focal isolation system
Flight Tests functions to isolate rotor inplane forces effl-

ciently in the helicopter environment. The sys-
Flight-test evaluation by the U.S. Army of tern is both light weight and rugged.

the OH-4A helicopter, the military version of
the Bell Model 208 [101, found that "Qualitatively, 2. The kinematic focal isolation system
th, over-•il vibration charactertstics of the .
Oli-4A were exceptionally good." Quantitative may be used to achieve local depths far In ex-
I/rev and 2/rey data presented in Ref. [10] are cess of focal elastomeric mountings. At the
shown In Fig. !t. These data are well within the same time the large deflections resulting from
specified limits of MIL-H 8501-A. The corn- steady state and transient forces associated
mericnal Model 200A (Fig. 19), which uses the with conventional and focal elastomeric mount-
same kinematic focal Isolation system, exhibits ing are minimized.
simnilar low vibration charactegistica (Fig. 20).

3. The kinematic focal isolzti'n system is
adaptable to variations in gross weight, pylon-

Service Experience and Future fuselage mass and inertia ratios, configuration
Applications geometry, type of excitation, and frequency of

excitation.
Experience with the OI-4A and the Mode!

206A to date has proven this system to be rugged
and reliable. Helicopters with more than Additionally, the conclusions regarding the
1000-hr flight time are still using the initial analvtienl an't functional aspects are
elastomeric mounts and sphierical bearings.
The isolation systew is also used on other Bell 4. The theoretical loci of optimum isolation,
models including the TH-57A, Model 208A- I, determined by the rigid-body analysts, are real-
and OH-.58A. Additional variations oi this con- ized at low frequencies for systems having high
cept are under study. rigidity and relatively low damping.
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Frig. 19). Model Z06A helicopterI
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Fi.2.Vibration -responsie data for
.Model Z06A helicopter

5. The predicted loci of optlmuzn is )latif.n however, more extensive analyses are neces-
-are shifted iII the presence of rotor shaft flexi- enry to determine the effect of pylon and fuselage
bilitty, particularly for positive focal distances. flexibilities.

0. Variations in the focal depth of the Idne- 8 rcinl n ulsaemdl r
matc fcý.& Iolaionsysem an e ued o sift useful in optimizing the isolation systemY design

the rotor shaft bending frequency. and are particularly valuable in evaluating the
7. The rigid-body analysis Is useful for effect of friction on the vibration response

approxirnat~irz the regions of low response, characteristics.
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Appendix

CONICS FOR MINIMUM AND MAXIMUM RESPONSE

NOMtE.NCLATURE d Distance from pylon eg to hinge tpositive
when hinge is below the pylon cg); in.

Distance from fuselage eg to common cg
(positive when pylon cg is above the fuse- F Hub shear force; lbl
lage cg); in.

V Acceleration of gravity; in./sec 2

b Distance from pylon cg to coninmon cg Ip Inertia of the pylon about the pylon cg;
(positive when pylon cg is above the fuse- in.- lb-sec
lage Cg); in.

I hiertia of the fuselage abort the fuselage

Distance from fuselage cg to hinge (pos- cg; i.-lb-sec 2
itive when Ilnge is above the fuselage K, Effective torsional spring rate about
eg); in. hinge; in.-lb/rad
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W=N1M - -- - -

It Distance from hinge to hub (positive and

when hinge is below hub); in,1

T Rotor thrust; lb -"

1A Hub moment; in.-lb

M P Masks of pylon; lb-aec 2/In. T ,

t T im te ; seeT 
( U I e

ij a Angular deflection of the pylon; rad

i J, Angular deflection of the fuselage; rad

•rt Rigid body angular deflection; rad

Excitation frequency; rod/sec o

ANALY&S•S A%' 9

flight Is shown by the use of a grossly simpli-tied analytical model (Fig. A- 1) in which both
the pylon and the fuselage are considered to be •

rigid bodies. The rotor is treated as a massacting at the top of the rotor shaft. An elastic
waxs between the two bodies Is assumed to be at z9

any arbitrary location along a line through ther 3r-shaft axis, either on or off the pylon or o
futtelage. A restoring spring ketet about the

elastic axis. The rotor's thrust is considered
to be vertical, invariant, and equal to the gross
weight. An Inplane oscillatory force or moment
of variable frequency acts at the rotor hub. The

the forces on the free body of each the pylon :
and the fuselage. Additional assumptions are
zero damping, nmall angle displacements, and
uinusoidal nmotion. The reaulting equations
are-- Fig. A-1. Analytical modal

I' P1 - J 'ý' (A-It) The equations for mninInuan fuselage re-
A1  3  [i E J sponee (.. 0), minimum pylon response

(",,P 0), and natural frequencies, that is, the
where maximum response, - respectively

All -02 dl,,2 -Mpl dKtJ K , A11t) -A1 1 E, 0 (A-2)

A1 A,, -/ t,.
2  

- K,. -A , 2. A22E, 0. (A-3)

All -1- i33l3 * 1iac * Kii
-, iA, - A ,IA ,. - 0 (A -4)

F~h* M bdF" Expanding these oquatiotis and muking the

E,• : 202.substitutiono

20



, n n. h-, Minimum PYlon Reoponse

-, to The equation for minianure o'on response

and observing that equivalent values for . andmay be written cC,e' , Cote:* U (A-8)

W11c re
t)n.I, C7 - Cpi

the resulting equations are of the tollowing

forxin: l

Q 1. . CI I N .t I ,* .(A) - 1i (€ , .

This is theequatlon orft K, parabola. The co- *t - , , - .t,. hiefficleats Q2 , Q, and 0, are quadratics In d.
that in, and

Crj , - (I . I.. i) - '( a0 0)

Q , ý Qn4 4 * Q 2 * . (A- 0) C,

The resultin& equations for shear excitation Maximum Pylon ae d Fuselage
(M, N 0) follow. Respoe

The equation for maximum response is
Minilmum Fuselage Response DIc• ' DOK,, * 0. (A-9)

The equation for mnllninum fuselage re- where
sponse is 

D14 ti, 1)'

C * I . * 0ICK° - 0 (A-7) D12 M(;'R(a * b) - ,'0t(11f MP)

where 
D20  -(Mtg)l

324 BIA 0 o D1 4  -2 71(n *b).
B22 2)s,, t - P1 l-l,) ,~n s

H10 (g- M .W D, 0 M11

al Mlg(n * I.. I - R.Atfl P.b).- - •' , V. l -l• i b)

Bo - I0, Us .

and and

Boo 1) .s D,), M*g(a 6. s)
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A TOOL FOR PARAMEIRIC ANALYSIS OF

COMPLEX ISOLATION SYSTEMS

Paul J. Jones and Frank A. Smith
Martin Marietta Corporation

Denver Division
Denver, Colorado

This paper presents the general methodology and a unique computer program for analysis
of comples equipment suspension systems subjected to sinusoidal or random excitation.
As an exam-'ple, the analytical results of an isolated gyro system are presented showing
the utility of the Fortran IV computer program. The method defines as variables the fol-
lowing parameters: (a) suspension system spring rates, (b) suspension system damping
values, (c) center-of-gravity location, (d) isolated mass inertial properties, and (e) elec-
tromechanical transfer functions, for example, gyro voltage response characteristics.

The responses of the isolated unit are plotted as a part of the computer program, These
graphs show the gyro rcsponae in voltage spectral densities as well as response acceler-
ation spectral densities.

The matrix equations of motion for the system are written with the capability of excita-
tion through any combination of up to 10 support points.

The final equations for the system transfer functions are developed in discrete coordi-
nates with the free stiffness and damping matrices providing the exciting force.. A die-
cussion of the extension of this analysis to complex structures (that is, equipment trusses
and payload trusses) excited by random vibration is included.

INTRODUCTION its acceptability. In most cases, cost penalties
are paid on these complex designs as a result

The design of a complex vibration isolation of limitations placed on manufacturing toler-
systerm requires the evaluation of many dynamic ances or very selective matching of isolators.
parameters to insure compatibility between the This cost penalty night have been averted with
evolved design and its intended application, a parametric analysis, had an analytical tool
Considerations must include the isolators de- been available. This paper presents an analyti-
sign tolerances of stiffness and damping prop- cal design tool in the form of a computer pro-
erties as well as tolerances on mass properties grain which permits the analyst to readily eval-
and center-of-gravity location. Many of these uate complex isolation systems. As an example,
complex applications relate to guidance sys- a rate gyro system is hypothesized and analyzed
tems where it is necessary to evaluate both using the computer program to illustrate its
translational and rotational responses to esti- utility.
mate vibration-induced guidance errors. The
evaluation of the response parameters can be a
very time consuming task, especially for these TECHNICAL DISCUSSION
complex systems with many isolators. Usually,
tradeoff studies are performed to determine "The vibration isolation program (VIP) was
allowable tolerances for various segments of written in standard Fortran IV language for the
the isolator system. Because of the number of purpose of analyzing complex systems employ-
computations rewjuired to determine the re- ing up to 10 isolators. This program is pres-
sponse characteristics, many complex isolation ently adapted for the CDC 6400 computer. The
system rcsponse parameters are "approxi- isoaated uait is considered rigid in the frequency
mated"; the design is built and tested to evaluate range of isolator resonance. The geometry and
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center of gravity of the rigid unit are coin- response. characteristics for any electrome-
pletely general and can be specified as desired. chanical device relating to linear or angular
The utility of the computer pxogram can beat be acceleration can be supplied, and its response
indicated by listing some of its features: will be determined and plotted. An example of

this application coald be a rate gyro and the
1. Up to 10 individual isolators may be vibration-induced noise could be computed in

uerd. For each isolator up to 3 translational terms of voltage spectral density.
degrees of freedom can be defined, that is, the
user may use 0, 1. 2, or 3 different spring rates 10. The response calculations car, start at
for the 3 orthogonal axes. any frequency, stop at any frequency, and per-

form the calculations at any delta frequency
2. The isolator stiffithas and damping val- desired up to a total of 1000 delta frequency

uesa may be uniquely defined. No two isolators intervals.
need have the same spring rates or damping
values. 11. The root-mean-square of all computed

random responses is tabulated and printed by3. The stiffness matrix is computed and the compcter.

unstable systems can immediately be elimi-
nated. The stability of the proposed configura- 12. The relp.tive root-mean-square dis-
hon is readily determined by evaluation of the placement acý'oss the isolator for each degree
Inverted stiffness matrix, of freedom Is determined and printed by the

computei, for random forcing functions. This
4. Product of inertia terms may be in- inforr:ation permits the evaluation of isolator

cluded in the mass matrix, compatibility under the prescribed dynamic
loadixg.

5. The forced phase relation between any
degrees of freedom at isolator bases can be 13. Up to 6 degrees-of-freedom responses
either in phase or out of phase. Also, any iso- can be determined for up to ii locations, one of
lator base degree of freedom can be stationaty, the 11 being the center of gravity response.
that is, no forcing function need be applied. For example, if six isolators were used, the

responses at four additional positions plUs the
8. Rigid body mode shapes and apdociated center of gravity could be determined.

undamped frequencies are determined for 6
rigid body degrees of freedom. The modes are The methodology used in establishing the
described for the center of grauity of the rigid VIP analytical tool is discussed in the following
body. section.

7. The transfer functions for the rigid body
center of gravity for u.p to 6 degrees of freedom ANALYTICAL METHODOLOGY
xre presented grapttcally. These plots provide
visual information on damped translation fre- To illustrate the methodology for deter-
quencles, damped angular frequencies, amplifi- mining the response of an isolation system to a,
cation factors, and degree of coupled modal re- vibrational input? consider the general system
sponse. 11te transfer functions are continuous shown in Fig. 1.ovwer the designated frequency int•erval.

The free stiffness matrix for the system
0. The applied forcing function ma-y be may be obtained froma the potential energy

elther sinusoidal or random. A limitation ex- expression
iWO that all applied forces must be equal at the
d(Jsignated points of application. In the case of
random excitation the spectral density need not
be Constant but must be a combination of Xi Xi k , X1
straight lines when plotted on log-log paper.

9. The dypamic responoe may be either t b Ii i5IF
sinusoidal or random, commensurate with the zH i, k zi - Zilprescribed forcing function. In the case of
random excitation, response spectral densities
in terms of displacement, velocity, and accel-
eration are plotted (if all are desired). Addi-
tiona'lly. a transfer function describing the or simply
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where (b.• represents the relative motion { MI IT) (2)
across the isolators and ',k1 is the uncoupled
(diagonal) stiffness matrix for the isolators. where IT) is the transformation matrix, and (W'

is the motion of the center of gravity and the
A transformation may be formed that re- isolator bases. The size of the transformation

lates the isolator attach-point motion to center- matrix is 3,n 3n + 6 with 3 degrees of freedom
of-gravity motion. For the relative motion used (DOF) for each isolator and 6 degrees of free-
in, the Potential energy expression, this transi. dona for the center of gravity.
formation is

Substitution of the transformation matrix
- into the potential energy expression yields the

free coupled stiffness matrix [KJ as follows:
Zo ple M'f71 ' f kH [TI 0S

• ---- ,or

-, X, t t-;17 W I-•I--I (b 1r-• ' (3)

.j -; i, dY),.()(, I The damping matrix IC] can be formed in

-- •-'--•---'--- ------ [ a similar manner by considering energy dissi-
Zi •Z, '

1  
pation. The same transformation can again be -

used and the resulting matrix is similar to thej ~j coupled stiffness matrix with damping coeffi-
- cients c replacing isolator spring constants k.

S The restrained matrices are [k) and []

The forced equations of motion are deter-
mined by manipulations of the coupled stiffness



Ii

and damping matwices. The degzrees of freedom If the steady state response is desired the
eassociated with t matrices, as explained pre- following equ..tons are available:
viously, a~re dhuplixcerent m~d rotation of the
center of gravity (0 DOF) aN., displacement of i¢ {}et't(11
the Isolator bases (3n DUF). The Isolatorad
base(s) dogree(s) of freedarn are either re-

strained or forced in the restrained system. f6 41) e1 •€ (12)
Consider the forced equations W motion: and

(M){'kI) + id •} S r]{i } {F) (4) ) -€2(0) ei"t. (13)

where (M] is the center-of-gravity wass matrix Substitution into the equaiions of motion yields
containing, on the diagonal, system mass and
inertia (products of inertia, if applicable, are - w2Nl {)Ieict Id {) 0 i'.'t

off-diagonal terms). The matrix ISQ is a 6 xl
representing the eg motion only. The forcing + •)f•lei {Fo5 e (14)
miatrix (F{ Is formed by the columns of the free
damping and stiffness matrices corresponding Solving for the center-of-gravity motioe, re-
to forced isolator DOF's times the known lsola- suits in
tor base motion S.:

(6Ox 1)

The ratio of output motion to input mution is

S{ g 0 - C (5) [-- f iw i ' (16)

The system transfer function can be obtained by
taking the absolute value of the above equation

where m is the total number of forced isolator
base DOF's with a maximum value of 3,. 1=f>' W11,. (17)

If the base motion is sinusoidal the follow- If the input is known in the form of a power
Ing substitutions can be made: spectral density, the response spectral densi-

ties of the center of gravity may be obtained:
--~ = oe (6)

SnCw) H~(-)I S (8
~ ir~e"~ n~k..n epr input(.)

Where S represents the input spectralS~input(-,)
where . is the forcing frequency.dest density at frequency , and S-(w) represents the

" The resulting force matrix becomes output spectral density at degree-of-freedom j.

r \This development is representative of the

I:! Imethodology for determining the response of an
1. J r K Sj io -t iC. icob Isolation system to a random excitation. The

: ' (8) methodology can be used for any number of
isolators, any location of equipment center of
gravity, and excitation through any combination
of isolators. For any system the amount of

or factoring the •terms yields computations involved necessitates the use of a
{F') - . (9) digital computer. A listing of the Fortran IV

) (o9 computer program based on the previously de-
sof motion can now be written veloped methodology is presented in Appendix A.

The equations To verify the program and the methodology, a

check case was taken from pp. 3 through 29 of
- . Ref. It I. This provided a check on the compu-

[M] I 5ýd + [-( ce} [K]iocs) :{IF* ) ;.oeit . tation of the stiffness and damping matrices, of
(10) modal properties, and of the transfer functions.
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The results of the check case Are presented In system was conducted to determine the coupled
Appendix B. The computed values agreed ex- response and the vibration-Induced noise re-
actlywith the check case values from the refer- sponse from the gyros. The gyro noise re-
ence. The verification of the program allowed sponse was computed in terms of voltage spec-
its use in a parametric analysis of a gyro tral density.
system.

Consider the location system depicted in
Fig. 2 forced at the base in one axis by broad-

EXAMPLE OF HYPOTHESIZED band random acceleration as defined by Fig. 3.
GYRO SYSTEM The elastic centers of the four isoiators are

assumed to lie within a common plane. The
Consider an isolation system as shown in gyro response function relating gyro voltage

Fig. I for a three-axis rate sensor employing response to angular acceleration is shown in
rotational rate integrating gyros. It is desired Fig. 4.
to isolate the rate gyro package from a random
vibration environment by four resilient mounts. The parameters affecting the rotational re-
Unless this system is a true center-of-gravity sponse of this isolation system excited by ran-
mount, the isolated package motion will be a doam excitation in a single axis are:
combination of translation and rotation when
subjected to a single-axis random input. This 1. Mismatch of suspension system spring
coupled motion, particularly rotational, experi- rates.
enced by the gyros has a deleterious effect on
the guidance system accuracy by increasing the 2. Mismatch of suspension system damping
total integrated rate errors. As stated previ- values.
ously, to eliminate the coupled motion would
require a true center-of-gravity isolation sys- 3. Center-of-gravity location.
tem which, owing to inherent manufacturing
tolerances, is never achieved. In addition, it is 4. Inertial properties of isolated unit.
desirable to specify the maximum permissible
manufacturing tolerances to maintain minimum Assume the following tolerances for the system
cost and schedule impacts. An analysis for this of Fig, 2:

k4. c4

Coordinate System

p - Pitol
R R Boll
T - law

kj, e1  iO•.

Sk
3 , c

3

CnrofGravity

121

S3 k - Spring Rate
c - DaWpinS CooffiLent
6 - Translational Degree of ?r.cdom
0 * Rotational Degree of Preodod

k?, CZ I - Length

Fig. 2. Typical isolation system
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1. Individual isolator natural frequency of For this gyro configuration, the total com-
80 Hz 1 10 liz when loaded, puter running time for each case was 100 sec,

Consequently, a sufficient quantity of runs to
2. Maximum individual frequency difference determine the effects of each parameter was

in a set of four matched isolators of 5 liz. The made at very little cost. Further, all data were
frequency of an individual Isolator of a matched plotted by the computer permitting rapid evalu-
set could be between 70 and 90 11z, but the fre- ation of each case analyzed.
quencies of all isolators of a set must be within
5 Hz of each other. The resulting root-mean-square (rms) val-

ues for the various cases are presented in
3. Maximum individual isolator transmis- Table 2. An example of the computer plotted

sibility (Q) of 3.7 at resonance. translational transfer function for case 01 of
Table l is shown In Fig. 5. The rotational

4. Maximum individual isolator transmis- transfer function is shown in Fig. 6. The gyro
nibility difference for a set of four matched voltage response spectral densities for the two
isolators of 0.5. The transmissibility of an in- axes of rotation are shown in Figs. 7 and 8.
dividual isolator must not be greater than 3.7,
but the transmissibilitles of all isolators of a
set must be within 0.5 of each other. CONCLUSIONS

5. The center of gravity must be within a 1. An analytical tool has been developed to
circle having a radius of 0.17 In. and lying in rapidly determine the response characteristics
the plane of the Isolators' elastic centers, of complex isolation systems subjected to si-

nusoidal or random excitation. A listing of the
Based on these design tolerances, input ac- computer program (VIP) is included in Appen-

celeration values, and gyro response character- dix A for ready use.
istics, a parametric analysis was performed to
determine the gyro rotational response. The 2. The computer program (VIP) is written
numerous cases analyzed are presented in in standard Fortran IV language and readily
Table 1. adaptable for most any computer. The program

TABLE I
Gyro System Parametric Studya

Isolator Isolator Center-of-Gravity
Case Spring Rates Transmissibility Location

No.b (lb/in.) (in./in.o

k, kk ]k Q J3 1*" ý iI~ 4
01 1 1905 1620 1905 "1620 3.2 3.7 3.2 '3.7 1 3.475 3.225 ' 3.225 3.275

02 1905 1620 1905 1620 3.7 3.2 3.7 3.2 3.475 3.225 3.225 3.475

03 1397 1154 1397 1154 3.2 3.7 3.2 3.7 3.475 3.225 3.225 3.475

04 1397 1154 1397 1154 3.7 3.2 3.7 3.2 3.475 3.225 3.295 3.475

05 1154 1154 1397 1397 3.2 3.2 3.7 3.7 3.35 3.35 3.18 3.52

06 1154 1154 1397 1397 3.2 3.2 3.7 3.7 3.35 3.35 3.52 3.18

07 1154 1154 1397 1397 3.7 3.7 3.2 3.2 3.35 3.35 3.18 3.52

08 1620 1620 1905 1905 3.2 3.2 3.7 3.7 3.35 3.35 3.18 3.52

09 1154 1154 1154 1620 3.2 3.2 3.2 3.7 3.475 3.225 3.225 3.475

10 1397 1154 1154 1397 3.7 3.2 3.2 3.7 3.52 3.18 3.35 3.35

11 1397 1154 1154 1397 3.7 3.2 13.2 13.7 3.52 3.18 3.35 3.35

Sasee Fig. Z.
bCase 01 through 10 were analyzed with ransdom exc. tation at all four isolators,

sirnvItaneously, representing a shake table input. Cast. i1 was run with excitation
at isolators I and 2 oaly.
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TABLE 2
RMS Values of Rate Gyro Response Spectral Densities

Center-of- Rotational Rotational Output Output
Gravity Voltage Voltage

Caee Acceleration Rate (Pitch) Rate (Yaw) (Pitch) (Yawv)
No.

GRMS RMS RMS RMS RMS
Raw/Sec Rad/Sec Volts Volts

01 6.507 0.098 0.090 0.688 0.643

02 0.518 0.094 0.086 0.676 0ý.!

03 5.934 0.107 0.098 1.018 0.945

04 5.952 0.102 0.093 0.998 0.924

05 5.8009 0 0.307 0 3.058

06 6.936 0 0.112 0 1.037

07 5.911 0 0.334 0 3.260

08 6.393 0 0.261 0 1.933

09 5.677 0.269 0.242 2.602 2.391

10 5.787 0.333 0 3.299 0

11 2.893 0.166 0.749 1.650 16.549

It
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10 t00 1000

Fig. 5. Tranrlational transfe r function
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as Hated in the Appendix is currently being applied to flexible systems mounted on resilient
used on the CDC 0400 computer. isolators. For example, if the flexible system's

mass matrix and free stiffness matrix can be
3. For any single compopter run, Ute isola- determined, the equations of motion as devel-

tion system response at 11 discrete positionu oped previously can be modified to include the
may be determined for up to 8 degrees of free- flexible system. However, a problem exists in
dora at any location, the formation of a discrete damping matrix for

the flexible system. There are various methods
4. The fyt~ ransfer functions, elgen.. o"for~m.1nRdamaping matrices 'n U-1crete coor-

value and eigenvector solutions and responses dinates, but none that are straightforward and
are tabulatod and plotted automatically. No without problems. One possible way of circuni-
subsequent hand plotting is required. venting thin problem is the use of modal coor-

dihates. With modal coordinates, modal damp-
5. All significant response characteristics Ing can be used and also the inversion of the

.re presented In a visual manner to permit complex matrix is simnplif led because of the
rapid datri evaluation. This assutme the coin- diagonal matricos resulting from modal cooJ -
puter facility has plotting capability. dinates. However, a technique must be devel-

oped for forming the discrete forcing function.
It may be possible to form the forcing function

RECOMMENDATIONS by using a combination of modal and discrete
coordinates, that is, modal damping for the

The prevent method of analysis requires a flexible system and discrete damping for the
rigid representation of the isolated unit. For isolators. In any event, additional work needs
most systemne, this representation 1, valid In to k0e performed to Incorporate the flexibility of
the frequency range desired for isolator reso- the isolated unit in the computer program. With
nance. However, for response calculations In the inclusion of the flexible parameters, the
the hIgther frequoncy range, the flexibility of the methodology would then be applicable to any
Isolaed unit may be importatt, The methodol- complex system and not limited to isolator
ogy uaoed in the analysis in general and can be applications. Possible applicationo would be
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response analyses of complex equipment trusses REFERENCE
installed In structural shells or any coniplex
subsystem. The inclusion of flexible character- I.- C. M. Hlarris and C. E. Credo, Shock and

[stics would further enhance the usefulness of Vibration Handbook (McGraw-i, F1w
the computer tool. York), p•1" 1pp.--3-33

Appendix A

COMPUTER PROGItAM

A listing of the response computer program WTAPE - subroutines associated with tape op-
for the CUC 6400 comnputer and the DD 280 plot- eratior.s, writing, and reading matrices; INVI.
ter is provided un the following pages. Corn- INVJ - matrix inversion; JACODI, MODE 1 -
ment cards are provides throughout the program subroutines for determining modal p.,operties;
for clarity. MULTA -A matrix times B matrix, result

6tored in A: MULTI - A matrix times B1 matrix.
The prograim uses tie following matrix result stored in 1; and PLOT2, PLOT3 plotting

manipulation subroutines which are not provided subroutines.
In the listing but are generally available at com-
panies with computer facilities: DTABA - B 7he input and input formhats for the pro-
matrix transposed times A matrix times B ma- gram are provided in Table A-1. For further
trix, result stored in A; INTAPE, LTAPE, definition of the input and examples, refer to
PAGEHD, READ, IHTAPE, START, WRITE, the program listing.

TABLE A-1

Program Input

Itemr Format

Run No. A6

Title 1 (title card) 12A6

Title 2 (title card) 12AO

Mass matrix (6 x 6) including prloducts of inertia, if
applicable (units: mass (lb-sec 2/in.), inertia (in.-lb-
see 2)).

Center-of-gravity location X, Y, Z from some 0. 0, 0, lOX, 3EI1.8
origin in a right-hand coordinate system (inches),

Total mtnber of isolators including dummy points 15
where output transfer functions axe desired - maxi-
mum of 10 isolators.

Isolator parameters

Attach point location (elastic center of ipolator) 4 w-X, 3E 17.8
in right-hand coordinate system (inches). Prin-
cipal axes of isolator are parallel to coordinate
'W2es.
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TABLE A-1 (Cont'd.)

SItem Format

Isolator parameters (Cont'd.)

Spring rates (XY. Z) (lb/in.). !OX, 3EI-i.8

Damping coefficients (C) (lb-sec/in.). lOX, 3EI7.M

Forced isolator code (xvYz) for all isolators: 315
1 = forced, C = not forced. Output transfer func-
tion for isolator (or dummy point) relative if
forced and absolute if not forced.

Input power spectral density frequencies and corre-
sponding PSD valves (linear interpolation on log-log
piots used betweern points supplied) (g 2/Hz).

Code for additional system transfer functions (x, Y, 16
Z, theta X, theta Y, theta z): 1 = transfer function
supplied, 0 = transfer function not supplied. Transfer
function supplied must relate to acceleration of sys-
"em's center of gravity.

Systems transfer functions if above code(s) = 1; (see
explanation of input PSD) (example of units: volts/g
or volts/rad/sec2 ).

Title for plot of spectral density of systems respcnse. 4AI0

Name for Y-axis of plot. A6

Starting frequency, delta frequency, end frequency 1OX, 3E17.8
for all computations.

Output code for displacement spectral densities, 315
velocity spectral densities, acceleration spectral
densities: 1 = computed, 0 = not computed.

Stop card (or next run number if applicable). A6

*Matrix supplied as follows:

Matrin name, number of rows, number of A6, 14, 15
columns.

Data Cards: row/column location of first ele- 215, 4E17.8
ment, elements.

Zero card: 10 zeros.
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FmkCGAI kit- tItr'CI.U(LTPLT,TPAPLSZJNPLTTAI'E6=0k'TPUTeFILN'PL.
I w, L It IAFU-ieIAI-ýeM E M A 4)I

C ISCLAIIC' tIlIi' ES-FCNSE T(; RANCOIN EAC1TATIGtN

C COMUEC bY F-ALL L,14.S r4C 1,.,?
L
C IVANIIi~bLE o tf,4L iLFS
C bPtnlI,( h,.1LL CF ISCLAIChS

L LANPII.C U7 AbC;Li1 LIS

LýL,1Lb-0LK I(.LI-'IAL i-RCPENTILS ANL CO, LOCATICN-ISOLATEC, MASS RIGID
I. NPUT P.L;SI-EL INAL CEI~b1TT

C LAII-LI CF- 1zCLA1II LC, f

C RMksrCI FC,,C rYCItNS FuliI< USILACENENT AU)G NOlAT ION

L hLtSP-OISL 1-CALIF S-E.C)Ii~AL DENS1l ILS
c bSSiLN, ILLAL I-[CPJIbIIES-FRE%;CLtNCILES AND P-OOL SHAPES

C N1S UI$1t.btc.t'LkT ACuCCSS ISOLATUNS
C i-LOIS W- iI-CAFSFEN IUNCIOI.IS AM) OUTPUT PSDS

1,Lf'sISI%. Et.AbsSCHot1SXCC10)FSY (l0)e#S&(103,CX( 10) rCYC1O)lCZ( 10) e
4 ~AtJU) rYCIU),2(lO),PSOI(Il2)eUX(i1ht.JY(1O)tJZ(1O)u

* Fd-(6) ,CUPNl10)*ALP( 10) MUMA(10) SM.(6) #CM(6) t

4 F$L,L,(IUOU~jFC) etIOjXOU)eSFN(1000)eTRANPt3v6)t
4 U;1lTLi('i)vVTITL1I(;),AIITL1O4).TTITLlC41).
* SII1LL(4)pCN2&(IUjOU) ,PT1TCE(4.IU).lRPN(5Ov2P6).
* kigii(6).hCI46).5LOPL~bU)pRNiAIE(o?).1FTRC6).RtITLE('4e6),
4 CIIL2('41.V111L21(4) ,AT17L2(M$),ITITL2C4hPON(1000).HF/S4o)

C4**4~**4***4#44~44* POOMA I STATEMENTS s44;44*4*s*

99~99 CALL SliAtl

C P01<1AT SIALI-EI\lb

1001 FONM~fl (IJ)AViL17.& I
100-3 F 0l<MAC CIp(QI)
100'4 ,CuttAl 0,u)

2U01 FOWIr. (///vrStX eYI-iNIS X UIS;PIACE1/ENT AT CG (II4.5X.1F15.8)
20012 I-Uj1WAl (///,txr2,2SfWS Y DISPLACEV-ENT AT CG (INh;5XeIFIS.A)
200.3 1-01-11Al k///,bAPeykFINS5 Z UISPLACCXENT AT CG (IN)e5Xpl1PT.8)
2004 I-UHf/Al //S.31H THETA X DISPLACEMENT AT CO (RAD).5X~1P15.6)
200U5 P-01PAl I//k~t-~' THETA Y DISPLACEMEINT AT CG (RAD)p5XIF15.8)
200 Q I-býON.$A I b 3//s~oI-HR/ S Th[TA 2 DISP'LACEMEN~T AT CG CRAO).SXoIF.O9)

3001 -C-FORWl (///,UjXp29hfu'S X VELOCITY AT CG (IN/SEC)p5XdPI~5.8)
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30U2 I:ORAIA (///tbX&21VHHMS V VELOCITY AT CO (IN/SEC)#b1P1Fi5.8)
3003 FORMAl (///rb~r29P-4HMS Z VELOCITY A~T CG NSC.iiF58
3004* FORMAI (G//#bX~b2ilRMS ROTATION.AL VELOCITY AT CG ABOUT X AXIS (RAD/I ~3005 FORMAl (///v0X~b2H-Rr45 ROTATIONAL VELOCITY AT CG ABOUT Y AXIS (RAO/

*!5LClebXtirlbqB8
.3QU6 IFORMATI//,i~~4M ROTATIONAL vELOCIT.1 AT CG ABOUJT 2 AXt1, CRAOI

*4SLCirXpIFlb.8)

44001 FORMAi/T (///p5Xe22HGRVS X DIRECTION1 AT Cf~e6XvF15.8)
4UO2 4014M4 C///ebhlZkHG~ltS Y DIRECTION AT CG#5X.TF15*8)

'4003 FOHMAI W//ebX,22It6I4MS Z 01IRECTIOPJ AT CG*SXPIFISTI'
'40044 FORmAT (i,//ebXvb9IIRMS ROTATIONAL ACCELERATION AT C( ABOUT X AXIS

4005 I-OHMAT (///t5Xb~.biU1MS ROTATIONAL ACCELEPATION AT Cu ABOUT Y AXISI
*NAD/SLCw*;!)q5A.lFlb.8)

44006 FORMAI (//ivbXpb~h~t'S ROYAIIOrWAL ACCELERATION AT CG ABOUT Z AXIS I

)001 FORMAT (~///.bX07hrRVS X DISI-LACEMEý47eISOLATORr2XeI2.2X,1FIS.8)
5002 FORMAT (/i//bXP27H4tMS Y DlSPLACEMEtIT#ISOLATOR.2X#l2t2XeIFlS.8)
$.003 FORMAI (/l5#2HN Z DISPLACEMENT,1SOLAlOR.2X.I2.2X,1FIS.e)

DhAME:ZsI-L2/Hi

ANAML~btIA2/HZ
TNAML=4H1RFC
sNAME~bhW.'/H2

LAlA DV11It/lOHLINLAR 01SI5Pl0PLACEfENl PIOHSPECTRAL Do
* 10H~EISITY CG /

ILATA DlIlLk/10HROTARY 015#1ORPLACEMENT oLt-tISPECTRAL 0o
* IOEN~tSIY CG /

L6ATA VIITLA/IONLItIEAR VELPI10HOCITY SPECPIOHTRAL DENS!.
* l~Ot-iY (0 /

AaATA V711L2/I~hRCTARY VELtlIttOCI7Y SPECPIOHYRAL DENS!.
* lO0F-Y C0

DATA A1iTLI/1C1-iLltLAh ACCP10HELERA71ON PIOHSPECTRAL Do
1001NEISITy CG /

LATA A7IIL2/1OI4IOTAHY ACC.IHELERATION PIOHSPECTRAL Do
1 IURENS I IY C6 /

LAlh TT~llI/lUHlTSPLACEML.10HtiT TRANSFEtIOHR FUNCTION.

DATA 11JlL2/101iMOTAl IOIALtIOH TRANSFER .1O4IFUNCYION Co
- ~ *L ~tA1M.6

DATA SIITLL/l4*I!NPUT POWEtIUHR SPECTRALP10H DENSITY It
* ~~10IiCCW~PUlED)

DATA PlIlLE/1U0l,7AN%,FCR F.IUHUNCTION- FOPIOHR ISOLATOR&
* ~~10h, I l.
* IOIITRANSFFR FrIUHUNCTION FOPIOHR ISOLATORP
* ~10H4 i X.YpZ
* 1ORTHANbFLR FPlUHUNCTION FOP10HR ISOLATOR.
*I Ok1i ~3 ArYfZ P
* IwTIRANSFER F.olNUNCTION FOPIO14P ISOLATOR.
* LOH- 4 X#P r
* 10IUTRANSFER FIOHiUNCTION FOP10RM ISOLATOR.

6 lull 5i ).Yp2 ,
0 lA'1IRANt)FLR Frl01aUNCTIOtN FOPIOHR ISOLATOR#

10 1U)I b X.YrZ
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* t1Ub aUANbFER F. %i~UNCTIONq FOe IOHH ISOLATOA.
01 1U AD#YPrZ r

* t~~ub ilAtkFLR FoItbUICTIOk F0e 1011F4 ISOLATOR.
LullUti A xYeZ f

* zUtiTI'ANtbFLR F.IUHUNCTION F0#1ORA ISOLATOR.

* iUlbrRttNbPE F,1UliUN-CTION FOliOHfR ISOLATOR,
l ull 10 AeYOZ/

KA= i(
KU;2L
KCut

kL53
sF:I'UvO

C DISC 1U(111

Lk-

K EWA1NVLvi i.,

C !SYSTLF' MAS r'AT'41x tflXt X.YZ.THE'TA X.TI-ETA YPTI-ETA Z
CALL RLAI, (LLIVISSIh44MtfCNCKCEKC)

C LLNTr.R urGmAvKITY LC.CAI ION-
*(LAa. ulu± XCYL.G

C hUMUk Oh iULA1CNS
HEAD) (b?@ioUU) hl!JOL

IW1bLAI1CH IRC$L8irl-S LOCATIONoSPRII4G HAILSeAND DAM-PING
t- U VALUESt CF SýXp.Ypt5Z AND CX.CY.CZ PENMISSIOLE

C rUiCiNG u61,0b CUNULS5PONDING TO INPUT FOR SPRING RATES
I- iZ. :uUK. %k.TICN .IPPLIEOCO=FORCING FUNCTION NOT APPLIED

C -tFQRILU~-U. I 01<APPLIED Ii. MC.,Ai IVE DIRECTIONa
L- ALL I-DIRTS jflF FORC.IKG FUNCTION ASSUMED TO BE CORRELATED

HLA.. iv IZ±N13C,

J HLAJ (eit~f'~Jk SXileaY(1).SL(1I
4EAUj tbeIUOu) mAOC(1.Li

10 LCI.TiI.LL.

C. iKPUI K-04LI tulCC01rAL 13ENSJ5TY F4EQUENCY AND O**2/CPS VALUJES
C- LINL/d< akl.LiiCLAII(sN ON LO,.)LOG PLOTS USLO bETWEEN SUPPLIED
4. vALUiLS

CALL ILe.L (t'L.-pL.RF#'NCPe.(ApKb)
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C CODE; F08 INPUT OF AtLUITIONAL TRANSFER FUNCTIONS RELATING
C SYSTEM RESPONSE TO C'G ACCELERATION GS FOR DISPLACEMENT
C nND IAOC/SLC**2 FCNR NOTATION TRANSFER FUNCTIONS
1 0 TRANSFth [UNYCTLON NOT SUPPLIED
C I iRANSFEAN FUNCTION SUPPLIED

C COHRLkSUNUIvG TO CG DOF X.YeZeTiIE'AX.THETAYtTIIETAZi

r READ lRAlSFC8 FUNCTIONS FREQUENCY AND CORRESPONDING TRANSFER
c FUNCUON, VALUE )0 K11WT5 MAAIVUP LINEAR ITERPOLATION USED
c; &ETULEN P~ltCI'a~ VALUES MUST ENCOMPASS STARI FREQUENCY AND
C6 END FkE.14LKNC
C READ P1(11 1 tILE FOR OUTPUT PS0 PLOT
c REAC NAME FOR I AXIS OF PLOT

LO0 lbIq,
IF (IT(1E.)Go TO X5
CýALL REAL IU ~ ll )NT()eC(I N.O
READ (5.100.51 (UIITLE(Wih~j;1.
HEAD (5eluU,1) RNANEII)

15 ONT IfUE

C STAIIIiNO. riiEQ6UENC)PLiND FREGUENCYPOELA FREQUENCY
CI JHEQUENCY RAKtC MUbSt BE COVERED BY INPUT PSU
C START 1:HLQU&N\CY PUSi KE WOIT~N FIR4ST P50 INTERVAL

HEAD (5.10U1) FS1A.UELTeFkNL)

C CODE EONi VUTHUtT P'LOTS AND RffS VALUES CALCULATE.D (C0 MOTION)
c UzNOT CALCULATED l:CALCULATLD)

HEAD (brl0U'2) IUISII.IVELcIACC

C*4e********** LOPLEL) Slf-FNESS AND DAMPING MATRICES ******

C
C FORM UNCOUPLLC SIIFFNES$p ANi. DAMPING MATRICES#,THANSFORMAT ION
C MATRICES RELATILN JSULATOR ATTACH- POINT MOTION TO CG MOTION'

cF'ORM COUPLEU ST d;Fl'LSS AND DIAMPING ARC.

ND0OF=6' .*NISOL
NDOF~t

c liUMUt.R W OF UiLtEtb OF FRLEEOM
C CG KUOF zr b ROOKUF FCR EACH ISOLATOR

DO 4J 11,#NLCF
DO 40 q:iNuC,ý

40 SMAIPl(1U):ZU.U
C SWATV F-RLc SýIlFFt.5z, MATRIX,

c CNAT.O fiL t AlvPIlNG .ATRIX
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5b (tAT (I ,a) =-) utKh
SwAVA (3.x-SZAH.AFO NkICL78 0<)N

CAT t3!a~ F[hI

70 POt~.IN I~lC $Z CVhlll

C. 1~ArAItbi Siti ,UuN rLATING, ISOLATOR ATTACH

10 C. It010 I

XL rYL r ZL. LIS) ArCL ftI%0'F LG YG ATTYACH POINT 01- I SOLATOR

IbAN~Jei1ZI.L
I RAN 1C le] Z 1L

IIRANC I =t-fL

'IRAN(I,'4)ZIL.

10 7b I-'ze6
KOFN(f +1

15 1 RAr (XeI ) -.-It,
G-ALL V.ite (lkAkvI(IKraROF,'4ITHAN#KE)

mfiA~TAL &iSýL WNiT (Itwi)
VWI4IU 4 leVT7) TH1AN

1,0 9u .:41',6F

80 8

isO 9u L.Iet\LbvF

isO 601 PIL 'NbC

CAL %101 1 1 J
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tO 1stu ~e

LUO 1Z0L:'tLL

C0tI.L WLt (U- All- 146UF ef-xOCF * HCWtATPNIfl

CSS**4os',4 44*44* RuLAL PROPLHTIES *~~**~oo4*,w**

IL DETLAIWlilt V(&L AL,-#tOPLkI 4LS 10UL SHAPES AND FNF.GUr-.NCIES FOR
C lSoL#M-U bybeot~ USI>Nt. ('At WASS FIVARIX AND 6X6 HESTlAItiED

U0O 1401s :xlt,
v.o Iji 'j1ru

1.0

I. NVEIU bTIFFNLSS) NýATNX POOR INYVESION CHECK INDICATES AN
C UNST#,ULLc SY~ILV

CALL, INVItbfRj1iit1r*.C

C

CALL VOulA 4LowA S.¶iA.AReW2.W.FflEQeNRMFr.E-15eiE15.KCP I)
CALL h.Hait IVlkLQ#flrdm.I4HFREGKC)
CALL Wf'ItL ILN-ASS.#NI*'ehHMbHWOOESoKC)

READ ItLt' ) I S

L. DLTLliKII.& SLILSJ CF I'SL CURVES FOR INTERPOLATION

kCO 1'iU 1zlelylN

ALP (I3):ALCGCIýSCI(1#01i) /P50CI(# 1))/301
140 Lc;PALti ZU'J i/ML[ClI

I L****4**.** *~~*44*~* LISCHLIE FORC IN F4.NLTION4*4'*****44

L PORN UIS&1LF~lING FUNC1TIO

t,(u lublfe'iL
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IF 4(1))I 14JtlbbpIbt
141 bt/l .J)=Sk t.)4b1A1P~toL)

0O IC Ibb

Ibb L:L,1
if C&I(I) ) I4ýýel6Ur161

142SMJZNtSAPUL

100 LZL+1
IF (.jZ(2f)lqI,PI5,16br)6

145 S#MCJ)=SI(,j)+SPATF IJeL)
CM(%J):CW(&d+GtPATP(U.L)
gi0 Tc Ibb

166 SM(J):SP/(,jJ-SlWAP(deLl

16b CONT itWL
CALL. WRI"IL Cbi~eNkMeAe2HSFVKC)

~**************s** TRANSFER FUNCTION 4ee**t*s*4*,a

C FORPMT1OIý OF TRAI6FtI4 FUNCTION
C

NTIML;(FLNO-I STA)/DL.LT
Kfl

FRLJ:FSTA-UELT/2.

00 ZOO 1I1uIthTIML

FROZFRlJ4ULL T
O#40&J 2 843.18!b3072 *FAfs
OM4B2:Otdd*opd
ON 131) Or-u

FN (I1I) =FRU
C

CO 171 1Lzfrew
u;O 171 jzlettitl

171 LI(IeUJUM0U*CW.ATPt isJl

C INVEHi COM-PLLX MAiRIX BY PARTS ZR REAL 21 IMAGINARY
(,ALL INVJ(LN,ý%K1,NIMtKC)
CALL MULW (Li .WKINH~eNI4MNEUJKCRC)
CALL KlUL1AttIl1 .CI eltHtl.NRPMeNH~tdeKCtKC)
00 172 LIv.b(P
00 112 u:Iilhtv

172 K11.l2cu)N11t)
CALL INWo lhkxlWK~eNNM~rC)
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AIe &Z, htA n IALIL htWil LWj, V1- &P4VL1q1aIJP

L

C IVR17L UIK( UAN11 kl,.h1I
kvRITE A Id M,2
CALL 11,V,.(1K~~iC

CALL iL01 tb Iie4H'l~RF/.kl4Vt'NRiMKCtKC I

CALL 1MI 1,ZNitoC
.1 lt NOr~V. 94.I 11fIN,(,tAOY PGkTICN OF TH INVERlSION

C %kH1IL LIS( Lhll (NW

LU IOU( 121thkSt

L11=0.0

LU Ibb u:.1IJ4

4l~~2~F~~i *S I£e*$.(,j)

180
C. Tt It, NOW IbL ~fh#NVLR FLNCTION AT CO

CCALC(JLAT IOK vF IriF10 PSv VALUES AT FRtEQUENCIES

ALPViA=lALLCG (U:HU/PSOIKt L) 1)/.301
Lu:).434Js,,LI.3hA*D~bPAL1K F

FN ( 11) F--1

210 K=K+l

200 COiir I UL
CALL WRILJL (rliNTIP.0NRMr2HTRKF)
CALL *HILT kW-bFNpT1iT~rI#-3HSFNPKF)
(ALL. WIML (FI~fNN11NLp2HFNPKF)
; HITL UISC Cii\II (LWT)-
MI TL (LhI) Il
CALL PLOIJ (FNPRNIW*RPNAETAM TTloeF4
CALL r'LCT.3 iFtl~t)NILKRPNAETAETIL##F4

i4EAU (Lwi1) fit
CALL 1`1L01`, '~y&FNPsr~NrI..Lt IANAM#I~SNAF4EPS1IrLLp3,KFI

Ljo Z01 1=1fNI4
Z01 ]K(Jp I)=T"(-Jp *$2

C Tit I!) RANSFHN lONCTION SQUARED

304



C*S****** HESPONS PS) CENTER OF GRAVIT ... s*s**.

AF(IOISPI 191P193P191
191 uJO 202 Iu1rNfW
20(2 lMS( I ):Co.Q

00o 192 11.INItW
00 192 .j=1pN7IPE
P500 (.J I )= t1./ONZ W..) **2) *Tfl Cd I) *SFN(J)*140996.
h92NfSbI)RN-S(I)+PSUO(duZ)*DELT

00 k03 I1=.NHP

CALL W111lE CPSDOONTlWMENRMp6HPSDUIStKFl

CALL. P1013 (FC.PPSD0.NKTIMENRKXNAMEDDNANE.DTITL1,~.KFP4)I
C CALL P1013 (f-MPSDOOII4) .NTIMENRK.XNANE.ONANE.OTITL2P3IKF.4)

PRITI. (6-4001) RPS(1
WRITE (6,Ž00) RMS(2)
hRITL (6t2005a) RWS (3)
WRITE (6.2004) IWS (4)
kRITE (6.v2UDb FiOMS (5)

*WRITE (6t2006) RMS(6)

193 IF (IVEL) 194t19bpI94
194 00 204 IfluNRF'
204 HMSI):0#O

00 19b I:1.NHFV
00 195 J=INUIdE
P5001 1): (1./ON2hJ) )*TRtuuI) *SFN(J)*148996.

195 RMS( I):Mb( I )PS&0(o." 3)*OELT

00 206 1;1.NRP
206R4S:RbI.5

CALL WHITE (PSDOpNTIMEINRFIA6HPSOVELKF)
CALL PLOTa (FNPSD~tflYMENRKXNAMEVNAMEVTITL1,3.KF,4)

CALL PLOI3 (Ft..PS00C1.4)rNTfl4E.NRK.XNAME.VNAM~,VTIYL2e3.KF,4l
wRITh 46s3001) RMS(1
WRITE (6t3002) RNS(2)

wRITE (6t,304) RI'S(00
WRITE (60300b) RMS45()
wRITE (603006) RMS(6)

196 IF (IACC) 197.199P197
197 00 207 11.tNRM
207 R4MS(I):0J.0

00 196 I±1.NRR

00 198 .flheNTIIE
PSDOo~.IITR(j. I)iSFN(J)
PSOO(J.L):TR(J.L)*SFN(4)* 146996,
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iwS~aJ~n ;LPSuC(eL0)4DLLTI
198 1*5,(L): .L) 4 PbbUGC.,J.LI)*DcL1

C.,ALL Agilic. t-CCOC0.Tl~r'PtIHMPb)I1PSDACCKF)
I. MlL. DISC (AdT (LWI)

tiLvt1ihL Loll
hAHIfL (LAY) t'bL.0f
WkLL I'LurJ3 (rNPbiUC.NT MEN~I4KXNAMEANAMEeATITLI,3.KF.'4)
CALL I'L~IA Cr-NeI'SL;G'Ii'I NTIIWENRKPXtIAMiEIANAMEeATITL2.3.KFpUý
iLhIrd.1 LA)*
1tIAD (Lwl) 1S41.0

.011t 106P'.Duu) H0iS,(,4)

hill****44**t*** TLTL 0i **.*****U4**44***4****
C4***4**.*s104011b) ka44*, *4444S4*44L**9(5)**444*4

2K b 1 ;I

L,0i;al Q=I-i

uUj 2ic" 1,bfti.!1PIE
22a 1,- CF~tbý).bE.TICFN(KIltl)hANDUr*N(MO),LE.TRFN(K+IP1Uz)) 00 TO0222

f,0 Tva

224PSU?,,:lI*JP5CP)
CALL 1-LUfl. IFhtPSUUQ(1Il) KIN1EeiXNAMEeRKAMECJ)IR'TITLE(ItI)ta'1KF#

4t)
22V ata -ý,
199 5 ,VN4.

C*4*4.w..S*4*4*** AMS ISOLATOR DIPLACEMENT *****4****

HEWINL Wv~
L0 ;,!Si k~tnims.OL
HEAD tlIwf MlAK

uO 2ut, j~i.b
260 ln4L~~~Ka.J

CALL ;1411L WRANVP.NiK,6#SNT1ANP.KE)

HEWINU i%.v7
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P-LAII

L1k.L#L %t-0-'i :

I-I#

U0 3! :; lk

1A 1u Z e I U . 10
GO4 TO 01

I F '0 I jI(K E

I F I I .ý NCj KE0 6 TO 30b

k)(. to 3V).

CALL 0,111I. k .i#NI JVphH j~
4-ALL I'L0U 0It.P I.NITINLPNRZKeXý.APETTAItEtPTITLt-(lpK),3eKFP.4)

ia,5wift, ob~)KiO-

I NV.)

.,jAC'j(3i
L- T oiE
MýOUL I
V4JLTA

PIAbLHiU

30?



m

S~PLOT2
S~PLOT3S~REAU

S~RTAPE
START
WRITE
WTAPE
R
CHECK
CHECK CASE
REF. SHOCK AND VIBR. HANDBOOK (PG 3-31)
EMASS 6 6

1 1 .1166
a 2 o1166

3 3 .1166
4 4 2o2570
5 5 3.0322
6 6 2.4666

0000000000
5.25 3.5 6.5

7
0. 0. 0.

525. 525. 1050.
0.3905 0.3905 0.5522

1 0 0
0 7. 0.

52F. 525. 1050,
003905 0.3905 0.5522

1 0 0
t0.5 7, 0.

525. 525. 10500
0.3905 0.3905 005522

1 0 0
10.5 0. 0.

525. 525. 1050.
0.3905 0.3905 0.5522

1 0 0
10.25 -0.90 12.00
0. 0. O0
04 0. 0.

0 0 0
2.25 5.80 10.50
0. O, 0.
0. 0. O.

0 0 0
0.75 5.00 4.00
0. 0, 0O
0. U. 0.

0 0 0
PSQ 6 2

1 1 1. .016
2 1 50. .09
3 1 140. .09
4 1 200. .32
6 1 700. .52
6 1 2000. .015

U000000000
0 0 0 0 0 0

1. 0.5 500.
1I

308



CASE01
RATE 6YRO
HESPONSE TO RANDOM EXCITATION
EMASS b 6

1 1 .0275
2 2 .027b
3 3 .0275
4 4 .05000
5 5 .1080
6 6 .0861

0000000000
0.0 3,225 -3.475

4
0.0 0.0 0.0
1905. 0.0 0.0
1.05 0,0 0.0

1 0 0
0.0 0.0 -6.7
1629. 0.0 1620.

.84 0.0 .04
1 0 0

0.0 6t7 -6.7
19Ub. 1905, 1905o

t.U5 1.05 1.05f1 lO 0

0.0 6.7 0.0
1620. 1620. 0.0
.64 .84 0.0

1 0 0
-PSI) (3

1 1 10. .016
2 1 50. .09
3 1 140. .09
4 1 200. .32
5 I 700. .32
6 1 2000. .015

uooooouOoo

0 0 u 0 1 1
VTSEC2 32 2

1 1 11. .197
2 1 13. .151
3 1 15. .122
4 1 1?. .102
5 1 19. .0870
6 1 21. .07b0
7 1 23. .050
8 1 25. -0571
9 1 27. A0475
10 k 9. U
11 1 31. .0313
12 1 33. .0253
13 1 3b. .0196
14 1 31. .0151
15 1 39. .0119
16 1 41. .0090
17 1 43. .0071
18 1 45. .0056
19 1 4?. .0045
20 1 49. .0036
21 1 51. .0029
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*7 1 60. .0161
F26 1 65a *0284

26 1 70. .01189
30 1 B9. .00161
31 1 150. .0103
32 1 900. .0110
33 1 250. .0095

34 1 300. .00095
35 1 3590. 00074

37 1 450. .00046
36 1 500. .00038

0000000000
YOLTSs*2 PER HZ VS FREG THETAY
YTSECR
VTSEt2 as a

1 1 1..444
a 1 13, #389

3 1 15. *.349
4 1 17. .319
5 1 19. #295
6 1 21. .275
7 1 23. .255

8 1 25. .239
9 1 7. .818
10 1 90 9196

11 1 31. .177
12 1 33. .159
13 1 35. .140
14 1 37. .183
15 1 39. f1og
16 1 41. .0951
17 1 4*3 .0044
16 1 45. .0750
19 A 47. eO6lO
*0 1 49. .0598

21 1 51. .0540
ft 1 54. .01463
*3 1 60. 1.0350
8* 1 65. 0028'e
25 1 70. 90227
26 1 75. .0189

as 1 05. .0136

30 1 00. .000951

32 1 200. .0020
33 1 250. .0013
35 1 350. .000794
36C 1 400. .00057
3? 1 450. .00046
38 1 500. .00038

0000000000
VOLTS**2 PER HiZ VS FREG THETAZ
VTSEC2

It. 0,5 500.

STOP
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1

Appendix B

CHECK CASE FOR COMPUTER PROGRAM

To verify the methodology and associated were associated with coupled X and oy motion
computer program, an isolation system check (15.1 and 44.0 Hv).
case was taken from Ref. [1]. This isolation For the above parameters the translational
system, shown in Fig. B-i, has a rigid body transfer function for tie center of gravity is
weight of 45 lb and is supported by four resil- shown In Fig. B-2 and the rotational transfer
ient supports with a stiffness kz of 1050 lb/in. function is shown in Fig. B-3. The transfer
for each isolator. The stiffness ratios for the functions for points 1, 2, and 3 of Fig. B-i areother directions are kx'kz - ky/kz r 1,/2. The fncis opits12,ad3oFg.-Ireir
oritherl dampir gration are 'z ue inz the. Thek shown in Figs. B-4, B-5, and B-6, respectively.
critical damping ratio tC 'Cc) used in the check Figure B-7 shiows the transfer function for one :
case was 0.05. The corresponding damping Fgr - hw h rnfrfnto o n
caeffiwiens 0.0e.e corrulatespoing daitig of the isolators. The modal frequencies and
coefficients were calculated using critical transfer functions for points 1, 2, and 3 are in
damping coefficients of agreement with Ref. [I]. It should be noted that

all transfer functions shown are for absolute
Ccx ý 2 vT-xA/-- , cy - 2 KyF-74 motion except the X transfer function for the

isolator, which is for relative motion between
isolator attach loint and the forced base. To
check the random excitation portion of the com-
puter program, an input power spectral density

with the expressions for the critical damping was assumed as shown in Fig. 5-8. The corre-
coefficients being developed from single- sponding response spectral densities for the
degree-of-freedom considerations with M4 center of gravity are shown in Figs. B-9 and
representing one-fourth of the rigid mass. The B-10. The root-mean-square response dis-
base motion was sinusoidal in the x direction placement values for the four isolators and for
so that the modal frequencies of importance points 1, 2, and 3 are presented in Table B-i.

z

0
Point I ?oint I

0 0

point 2 Potnt 2

Center of Orartty

Point 3 Point 3

Fig. B-1. Four isolator check case (see Ref. [I1)
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to

t_ _

I-I

.01

1 10 100 1000

Fig. B-2. Translational transfer function (check, case)
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Fig. B-3. Traotational transfer function (check case)
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Fig. B-6. Transfer function
for point 3 (check case) ab-
solute motion
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Fig. B-7. Transfer function
for isolator Icheck case); ~ .
X-axis, relative transfer • I
function; Z-axis, absolute
transfer function
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Fig. B-8. Input acceleration spectral density
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Fig. B-9. Translational acceleration spectral density (check case)
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rig. B-10. Rotational acceleration spectral density (check cage)

TABLE D-1
Root- Mean -Squared Displacement (Check 'Case)

DRMS (inches)
Isolator or Point

IS

x00 Y .

Isolator 2 0.1220g, 0 0.0987

Isolator 3 0.1220a 0 0.0987

Isolator 4 0.1220 0 0.0987

Point 1 1.12,12 0 0.0940

Point 2 1.1145 0 0.0564

Point 3 1.0796 0 0.0846

Center of gravity 10.7718 0 0

'Releative dioptacenea becatiuse X is the forced direction;
all other displacements are absolute.
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AN ACTIVE STABLIZATION SYSTEM FOR VEHICLES AND

OTHER MASSIVE BODIES

T. K Putinan
W, atiglwghose Rosc•arch La'boratories

Pittsburgh, Pennsylvania

The following paper describes an active inertia-controlled stabilization
system developed for vehicles. Through active control the body mass
is in de to behave as if it wore many times that of the actual mass.
This ;esults in reduction of the body resonant frequency and permits
much greater damping of the body resonant mode than is possible for
conventional suspensiono. B1ccauac of the artificial chaVactor of thc
body-mass increase, the roll characteristics of the vehicle are not im-
paired. In fact, in the automotive installations the system was made
responsive to lateral accelerations to provide banking while rounding
curves. The paper gives a simple analytic treatment of the system to
provide a basic understanding of its operation and discuases the actual
hardware and system performance.

INTRODUCTION soft springs can be made because springs that
are too soft result in poor roll characteristics

The idea of using controlled force and ye- when rounding curves and excessive changes in
locity sources to modify the dynamic charac- body level and attitude with load variations. A
teristics of a system is not new. Indeed, West- larger body mass also reduces the body resonant
inghouse has maintained an interest in and frequency, this accounts for the improved ride
actively worked from time to time on such sys- characteristics of some of the heavier autorno-
terns for nearly 40 years. Within the past few biles.
years, a number of papers have been published
in the area; many, of a theoretical nature, have Body damping is provided by shock ab-
explored the potential benefits obtainable from sorbers which also provide damping of the
such.1• eytenis. wheel mass (the unsprung mimes) on the tirestiffness. At the b, dy resonant frequency body

Theore is a considerable gulf between theory amlplitude is liniitE I only by the shock absorbers,

and practice that must be bridged to make ac- and lotr this reasor heavy damping is desirable.
tive systems a practical reality. The following On the other hand, if the body Is too heavily
paper describes an active inertia-controlled damped, excessive high frequency disturbances
stabilization system that has been developed by are transmitted to the body, causing a harsh
Westinghouse and applied to automotive vehicles ride. For conventional automobile suspensionn,
as well as a military gun carrier. 15 to 20 percent critical damping is considered

a reasonable compromise, and a resonant fre-
Isolation of an automobile or other vehicle quency of about 1 Hz is not unusual.

body from the disturbances resulting from road
undulations is conventionally achieved by a Increasing the mass of a vehicle body has
spring damper suspension. Two Indices of per- the advantage not only of reducing the body res-
formance of such a suspension system are the onance frequency but also of permitting higher
body resonant frequency on its springs and the body damping without wny deterioration of the
body damping. It is usually desirable to reduce high frequency performance. Thus it appears
the body resonant frequency as much as possi- that any means to increase the body mass Is in
ble, and this is conventionally done by using the best interest of improving the ride. On the
soft springs. However, there is a limit to how other hand, an actual increaae in body mass has
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the disad~vantage of causing PeWoselve roll Pnd
is impractical.

This pAper describes a vehkicle 9tablliZAtion
system that produces an artificial body maso CP
increase and all the advantages attendant to in-
creased mass without having an adverse effect
on the roll charactcristics. The oystem can in nFi, 1. Location of sensing

fact, cause the vehicle to stay level or even to eutomobile stabiliner

roll in when rounding a curve.

The system has been applied to two auto..
mobiles and a military gun carrier (M- 5) and The sensing elements are integral units
ha. beez. Shown to ba-2havo according to thvn-y. that do all Ithc required lnformation processing
Building reliable hardware with the required hydraulically and supply the necessary hydraulic
dynamic performance is, of course, a major pressures to the actuatoro. The sensing dce-

undertaking and has beeit succe;sfully completed. menlo basic ally respond to body accelerations
although in the design of the damping require-

Stabilization of massive bodies other than ments, one must talce account of the body and
automobiles Is simply an application of the con- the wheels. By appropriate design of (he Iner-
tepis described herein. tial weight and physical orientation of the sens-

ing element itself, the element is made to re-
spond to vertical and lateral accolera'aons of the

D,.8IOkN CONSIDERATIONS body. The lateral acceleration response permits
bank control so that %he vehicle rolls in, rather

The following points were taken into account than out, when rounding a curl,
in developing ths system:

A complete analysis of the systemn for the
V'ailure of the system must not disable vertical, pitch, and roll modes requires an

thW 1,kV'.cle. elaborate analog computer simulation. In the
theoretical discussion which follows we shall

2. The v-•- 4.e sensitivity to static loading concern ourselves with a simplified mechanical
changes must s. be altered (no softening of system that represents one corner of the vehicle
springs), for vertical motion only. Figure 2 shows such

a system.
3. Vehicle wheels must be adequately

damped.

4. A fast roll response is required. Mb.2'• %ftAn

5. The body resonant frequency is to be re- X, f, .10In
duced by a factor of 2 or more. x, .mmo,,

6. The sysltem should involve only minor
modifications of a conventional passive system. K,

OVERALL CiARACTERISTICS
OF THE SYSTEM Fig. 2. Mechanical

sy6tem for one cor-
In the automotive applications, the system ner of vehicle, vor-

takes the form of aD inertial sensing element tical motion

located at each corner of the vehicle; this con-
trols the force of a hydraulic actuator which
directly replaces the shock absorber located at Let Mb = lb xsec 2!in., mass of body
the aame corner. No change In the springs is
necessary for thls application. Figure 1 shows t,, lbxsec 2/in., mass of wheel
the gen•ra! layout of oensing elements and
actuators. X. = livin., stlfiness of springs
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X, = lb/in., tire stiffness Now we must control the actuator force f so
thuat two objectives are satisfied. First a force

v, = in./sec, velocity of road disturb- must be applied to the body to oppose its ac-
ance celeration, and second, a damping force must be

developed. If f is related to the body and wheel
f a lb, actuator force velocity, according to the relationship

s- sec -, complex frequency. f t -k.,t, sVI, , I +kd) R(Vw-Vb). (I)

For purposes of analysis the mechanical these objectives are satisfied.
,•ytem of Fig. 2 In represented by its electrical
analog where voltage is analogous to velocity. A circuit that represents the suspension
Figure 3 shows the n.aalog circuit, with the stabilizer is shown in Fig. 5. One can

easily verify thi6 by showing that the equilibrium
equations for Fig. 4 reduce to those of Fig. 5

FA, when the force source is zelated to the veloci-

ties as given by Eq. (1).

Fig. 3. Electric analog M tb
circuit of vehicle sus.
pension -

kmAb

Fig. 5. Low-frequency
In the analog circuit the inductances shown representation of eta-

are In henries and have numerical values equal bihzed suspension
to the actual mass to which they are analogous,
while the capacitors are measurea in farads and
have numerical values equal to the reciprocal From Fig. 5 It is evident that the body
stiffness. Of course currents are measured in mass Mb Is augmented by the synthetic mass
amperes and numerically equal the actual ve- k Mb, and that the passive damping is R(l kd).
Iocity (in./sec), and voltages are measured In "~lAe factor k. is known as the mass inultiplica-
volts and numerically equal the actual force (lh). lion factor. The hardware is built so that if the

inertial weight is blocked the system will have
Fa passive damping R. This damping is aug-

LOW FREQUENCY ANALYSIS mented by an amount kdR by means of a feed-

It Is convenient to look first at the system back force acting on the weight. Hence kd is
eIt i W convenient to took f erst t thesstem *the passive damning multiplier. ThiA particularbNa ............ w f, oqUer,•A•e to doralv.he apect of the sysiteinl will V~e discussed in rela-

basic control law for the force source r. For tpon to the actual hardwllre.
frequencies well below the wheel-hop frequency
(,.V•r) the circuit of Fig. 3 reduiceo to that
shown in Fig. 4. IMPEDANCE SEEN AT TIlE DODY

Let us now inquire as to the impedance one
- would observe by pushing on the body. An ap-

I *, - bI -plied force would be resisted by the inertia re-
l ,,action of the body plus the spring force plus the

actuator force. Referring to Fig. 5 this would
be the impedance seen at a pliers entry* into

Fig. 4. Circuit repre- the network at point n or
eanting low-(requencybehavior of the suspen-

Sion
be'he descriptive term "pliers entry" is some-

timnes used because one would cut the wire at
The body experiences the force from the n. creating a pair of terminald between which

Springs (K,) and that caused by the actuator I. w.e determine the impedance.
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I-- X8 .the body will cause the actuator to apply a forcekmMbS k, ) - () in a direction to contract the spring equal to

-kM,, for a I-lb applied force. In the steady state

From Pq. (2) we see (hat by pushing on the body the force applied to the spring is I ' k., and so
mapts, An observer would not be able to discover the spring will contract an amount I•( k.)'K.
that 1-e body mass had not actually been in- under the action of a I-lb force. Therefore the
creased, apparent spring stiffness is

IMPEDANCE SEEN BY' THE ROAD force dispcement k k

The road impodance is the impedance that
we would see if we pushed on the wheel. The
force would be the force on the body masv or To see how the damping is reduced we con-
f , in Fig. 5, while the velocity would be V. sider the situation that obtains at the first in-

Therefore one would observe the impedance stant after the I- lb force is applied; at this time
f,'V, which, using the circ~tit diagram, is easily the body velocity is zero and the displacement
shown to be of the spring is zei o. Because the spring dis-

placement is zero, it has no force. Conse-

1. quently, the 1-lb force is applied directly to the
(I + actuator. By Eq. (1), the actuator force is

I (| € km) (3) f - -k MbSVb (I fkd) R;Vw-Vb). We have

R(I - kd) MbsVt, 1, V, - 0, and f - i. Therefore

This expression is recognized as the impedance I - -kn (1 kl) iv.

of two para' ,I elements: the body mass Mbs or
and the se? element composed of the springs
and thi, damper whose impedance is reduced by I km
the factir 1 plus the mass multiplier. Thus V -

from the road one sees an impedance repre- (I kd)R

sented by the circuit of Fig. 6.
Because this is the velocity resulting from a
I- ib force, the effective damping must be I V.,
or

I -Id)4 b kI , • P

Fiv,. 6. Circuit repre- which confirms our previous result
sentinR impedance seen
I,) the road 'ELM

HIGH FREQUENCY ANALYSIS

At high frP.-uenciee that is. frequeacies
From this figure we discover that an ob- equal to or greater than the wheel-hop fre-

sert-r pushing on the %(h-eel would tidik u-e quency %K M,, the suspension springs have
vehicle had the st-ring stifiness vedoced by Ihi wc le•ec, on the m tif -1. Thersfore theR k} Aisu he woulld Skk a sinilarly reduced 07 ,, ,• l 'g, 3 11ay [Wsu:Ae as shown w.

damper Fir: 7

A physica! expianatio f It- -( -U.I
matit-al result is as foilow s F, rs ÷ n--
ta~lkng about lvw freqtuenicesi-. w!,as, ont- r•

neglect the uns rung r as!- -4:1- -t: _- Jfness.
If a lorct 9 a.pdijedt t -c ..hzsa, .ib ,N-- -. sa
in *he va rird l -i' 1it;o; .i : i. n i " - - .- -"

lllic ee. k- lit " u j. : i;- s-priag aa . a( mia-
tor. TIh.- rel iz - 1•ib 1,,ce t, I be applih d
the booL kna!'F -a-•5lcg - - ,ady - Mtate slJwaJ-d ig. - iiin-.',4uC.iL,
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The actuator force is now applied essentially and the impedance is
to the body mass Mb so that its velocity is

Kt
vb = f (hlbs- S

Elimination of V,, from the control law given by For the wheel-fop frequency
Eq. (1) yields the result

VJi, kIn__ 1 (4) we have Z, equal to zero and E, equal to
L - k,1 )R MbS

which we immediately recognize as the parallel VK -Vr i.• Mw M
combination of the body mass and the damping
resistance one observes at the wheels, and so Because the impedance Zt is zero, the
Fig. 7 can be replaced by the circuit of Fig. 8 voltage E, appears at the terminals a - a' which
at high frequencies. is the voltage across Mb,. Stated in mechanical

terms, at the wheel-hop frequency the force on
the bodv is V-i-MM.1I regardless of what me-
chanical coupling exists between the body and
wheels. The body velocity will be

S_ ~ ~vr(-.l=.Mw]" i,,Mbl -vr -

Fig. 8. Simplified high-
frequency e q u iv a] e n t Thus the road velocity vr is attenuated by the
circuit ratio of the unsprung to the sprung mass. This

points up the desirability of having the unsprung
mass as low as possible because there is ab-
solutely no possibility of improving the isolatior

For an unstabilized vehicle, if R is the at the wheel-hop frequency by active or passiv
compromise damping that gives adequate body means.
damping and acceptable high fr-eqvercy tr,).ns-
mission, then we will have the same high fre-
quency transmission if we make k, eq,ta.' to HARDWARE
k . The damping of the body mode is app:
mately Figure 9 shows a schematic diagram of the

complete stabilization system. The hearv of the
, !system is the sensing element, which is a single

, .. -.. unit containing the inertia weight, the pilot cir-
? ,R( cuit, ..' 'I the power valves.

which becomes The moment acting on the inertia weight

resulting from vertical and lateral acceleration
K Il of the body, as well as the force from the feed-

2 -back piston, is balanced by the pilot pressure.The pilot pressure acts on the power valves

Consequently, not only can we reduce the body which regulate the actuator upper cylinder

re:tni.,_,nce frequency, we can also increase the pressure essentially independently of actuator
daninl•_, "€•r'itut cautsi,• t t rshness in the ride. velocity.

One can use the circuit of Fig 8 to dis- The lower cylinder of the actuator is con-
.ovei , very intere,,ing property of vehicle nected to the supply accumulator through the

si, sarilieer3,. by the use of Therman's damper valves. The pressure drop across
t•rt •e-" ,n( r-sa repiace t verything to the left these valves is proportional to the actuator ve-
,of Iu '.1tt 1, - . tquiv ,.l-Pn *,,olta ge source locity and acts on the inertia member via the

aad a se.: :, ripn:c•c•ci. TChe voltage source io feedback piston. This is the means by which
ý4-mply !he open-- "it . ,l'nq', o.- F, V, K, S, the body damping is increased.
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MUL ~ ~ ~ 1 a 1 omue result,, bhnoegesdw od mh oitiofnsc

_& tual hardware on a vehicle, unsuspected hydro-
- .. dynamic effects and local structural resonances

can cause the most carefully designed system
to buzz, This problem is handled most effec-

'Ii tively by empirical means.

(b) CONCLUSIONS

Practical active ride stabilizers have been
F'ig. 10(a). Complete sensingeaicment; (b) built and demonstrated for automotive vehicles.
parts of naenslng clement: iefl-damper Such stabi!1zer-s can augmient die body mass by?1
valve; feedback, pilot, and compensating from four to six times and provide 40 to 60 per-
piston; ine~rtia weight; power valves cent critical damping at the body resonance
(lowercene) apr avs io without causing harshness. Active systems

capaito (riht)need not be 1ilmited to ride stabilizers. They
may be used to shock isolate any massive body
such as a missile. Similar concepts can be ap-

analog computer simulations are a great help plied to ships and submarines to reduce hull
in studying instabilities and devising appropriate vibrations caused by propeller thrust pulsations.
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S" Fig. a Z. Comparison of pitch performance of un-

i: ~ staubilieed (upper) and stabilized M-56 vehicles; "

top trace in each vie w is made by a light on the
ffUn MU7Xle

i• DISCUSSION

I ~ Mr. Baruch (Kollsman Instrument Corp.): little disco,•rglng, as far as acceptance of this

You used the active system in the automobile sort of equipment is concerned. There is deft-
which you showed? nitely a great improvement in performance of

r these vehicles.
SMr. Putman: V'es, that ifs an active sta-

i bilizer. Mr. Sevin (HT Research Inst.): To what
'; !•#•,r• .... . , ... extent do ihe design details of your active sys-

1.._.-1,,. ý1ý-,,uvb.: What lkind off increase In per- tern depend upon prekntowledge or description
• i refiance did you notice ? Was it substantial of th,. euvironment of the roadways or the ground
°•or did it become like a floating ride? -1 noticed profile? Is that actually utilized in the design?

tha...t the cý-,r yo-,u put it irn was not very hea-vy,
S! asu you were trying to got the added mass ef,- Mr. Putman: The technique which• we used
S• feet of a heavier car, such as a Cadillac. Wan in design is basically a frequency response. Our

. : there a substantial difference ?guide rules were basically to reduce the resonant
:[• • frequency and increase the damping without sig-

SiMr. Putman. There certainly w,,.- •-t great nfficantly hindering the high frequency ride. We
• Improvement In the ride characteristics. Tlhis did not use any spectrum of the road or anything
Sactual Job was completed for the Ford Motor Co. like that. I noticed In Dr. Paul's paper, that he

about 10 years ago. At thatt time they said it worries attout the clearance that is a-vailable.
Swas a great improvement, but that we were, 20 We have not found this to be a particular problem
•.to ;•0 yearf) ahead of our" time. It hau been a in our case.
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CRASH CONSIDERATIONS IN ""S DESIGN OF THE

NEW YORK STATE SAFETY SEDAN*

Sol Davis and Neil B. Nissel
Fairchild Hiller

Republic Aviation Division
Farmingdale, Long Island. N. Y.

This paper presents those aspects of vehicle design that are pertinent to the reduc-
of crash injury to vehicle occupants when an accident occurs, Specifically, the
considerations that defined the design configuration of the New York State Safety
Sedan are reported.

System factors have been studied in an attempt to clearly define the critical crite-
ria and design requirements, and to determine the subsystems that best satisfy the
criteria and fulfill all the requirements. Thus, the roles of the driver, the envi-
ronmnent, and the vehicle have been examined, and the relationship that each has to
the overall problem of occupant crash safety has been established.

Three interrelated areas of engineering interest contribute significantly to the pro-
tection of occupants of a crashing car. First, the passenger compartment must
retain a sufficient degree of structural integrity so that it will not deform to such
an extent that the occupant is crushed, impaled, or otherwise injured by the de-
forming structure. Second, a passenger restraint system must be coupled to the
seat and structural systemns of the car in such manner that the accelerations of,
and restraint forces on, the occupant remain within acceptable biological limits.
Furthermore, maximum use must be made of the clearance distance between the
occupant and the interior of the vehicle. Third, the vehicle interior must be de-
signed to reduce the potential injury when the restrained or unrestrained occupant
impacts the compartment interior, that is, to minimize the effect of the "second
collision." All this has been accomplished without serious compromise on the ease
and safety of vehicle operation under normal conditions.

INTRODUCTION feasible safety devices and features practical
for limited mass production. The program wats

The New York State Safety Car Program continued with the Phase I1 Engineering Design
grew out of problems encountered by the New and Development 121 which created the Safety
York State Legislature in attempting to formu- Sedan (Fig. 1), a practical, lifesaving vehicle
late laws that would bring about rapid improve- that would reduce accidents and injuries and
ment in automotive safety. The program was could be mass produced for public use.
initiated in 1965 with the Phase f Feasibility
Study i 1 which provided the details of a gen- SYSTEMS APPROACH TO
eral plan to accomplish the program objectives. AUTOMOTIVE SAFETY

These objectives included the design develop-
ment, fabrication, testing, and evaluation of a The critical elements of aut-n',tive safety
prototype passenger vehicle embodying all were examined and evaluated as a total system

*'rhjs paper reports on the crash injury aspects of the Design-Development Phase II of the New York
State Safety Program. Contract No. C-0967, i-sued by the Statc of New York, Department of Motor
Vehicles. This program was conducted tinder the cooperative direction of George Hildebrand, Pro-
gram Manager, Republic Aviation Division, Fairchild Hiller, and John 0. Moore, Director of Re-
search Department of Motor Vehicles, State of New York. The authors were responsible for the
structural mechanics aspects of the Safety Sedan described in this paper.
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Fig. 1. The Hew York State Safety Sedan

within the matrix of the following five major The sublect of this paper emphasizes the
safety categories: second safety category of Crash Injury Reduc-

tion, which assumes that accident avoidance
I. Accident Avoidance - those aspects of subsystems can not completely eliminate all

safety associated with ope. tion of the vehicle accidents over the near term. it is noteworthy
to prevent collisions w•th oL,,e: vehicles, pe- in this respect, that aicohol, with its adverse
destrians, or fixed obstacles, effect on the driver's decision-making process,

•as been established as a major cause of more
2. Crash Injury Reduction - those aspects than 50 percent of fatality-producing accidents

of safety that reduce injury to the vehicle occu- [3].
pants when a crash occurs, including the effects
of impact with the vehicle interior during the
"second collision." SYSTEM FACTORS IN CRASH

INJURY REDUCTION
3. Pedestrian Injury Reduction - those as-

pects Uf vehicular design that tend to reduce The role of the driver in reducing the se-
injury to a pedestrian struck by the vehicle, verity of the accident hinges on his ability and

willingness to use the safety features that have
4. Post Crash Protection - those aspects been incorporated into his vehicle and his en-

of safety that apply after the accident, including vironment. The incorporation of an integrated
rescue and the avoidance of further hazard at seat and occupant restraint system that re-
the accident site. quires the occupant to fasten a seatbelt and

harness is of little use unless the occupant con-
5. Nonoperating Safety - those aspects of sciously closes the loop in the safety design

safety that apply when the vehicle is not in traf- chain. Statistics collected in Wisconsin, the
ftic, including maintenance and repair, entry and first state to make seatbelt installation manda-
egress, and the other hazards presented by a tory, indicated that only 52 percent of all front
• tationary vehicle, occupants used seatbelts that were available

(4]. The maximum protection of such safety
Within these five safety categories, the devices as seatbelts depends not only on the

basic safety criteria for passenger car per- occupant's cooperation but also on his under-
formance, design, and construction can be real- standing of the proper use of the devices. The
istically defined only as part of an overall sys- occupant who tightens his seatbelt to a snug fit
tems concept for safe human transportation. will start decelerating sooner and is likely to
This systems concept must recognize the con- be less severely injured than the occupant who
tributing rolee of the driver, the environment, carelessly leaves 2 in. of space between him-
and the vehicle in any accident situation. Each self and the belt.
of these factors can help prevent accldents; and
when an accident can no longer be avoided, each The role of the environment In reducing the
of these factors can help reduce the severity of severity of accidents is clearly seen in terms
the accident, particularly with regard to fatali- of the potential hazards that exist in present
ties of the vehicle's occupants. road systems. The possibility of Revere head-on
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collisions of two vehicles traveling in opposite 1. Most objects passing above the hood
directions is being gradually reduced by the through the windshield can not be gnerded
erection of effective crash barriers between against effectively. These include pipes and
opposing lanes of traffic on many of our heavily lumber carried on a truck ahead, and falling
traveled, high-speed roadways. These crash rock or heavy missiles dropped from over-
barriers can prevent head-on collisions and can passes.
be designed to help the vehicle return to the
normal direction of traffic 15). The incidence 2. A passenger car occupant can not be
of vehicle impact with trees and telephone poles, fully guarded against compartment penetration
which usually results in penetration of the pas- caused by the car's running under the high floor
senger compartment, will be significantly re- or side of a truck.
duced as these objects are moved further away
from the edges of the road [61. 3. Roadside barriers and guardrails are

highly variable, and no single vehicle design
The role of the vehicle in minimizing human can be optimum for the many different types of

crabsa injury depends on the structural interior crash threats.
and exterior design and the special safety fea-
tures that may be included. The performance, The crash design goals for the New York
design, and test criteria for the Safety Sedan State Safety Sedan were established as (a) for-
focused on this area of the overall systems ward impact - 50-mph head-on impact hiito a
problem within the framework of current driver- rigid barrier; (b) side impact - 40-mph impact
environment boundary conditions, by a similar vehicle; (c) rear impact - 50-mph

impact by a similar vehicle; and (d) rollover -
70-mph without collision. These goals were

CRASH THREATS established by feasibility studies and knowledge
that these criteria would cover more than 75

Crash threat situations that were consid- percent of accidents in urban-rural driving.
ered in establishing the performance criteria
of the New York State Safety Sedan included -

SAFE.TY GOALS

1. Frontal impact S
The areas of safety improvement for occu-

2. Side impact pant crash injury reduction can be stated in
terms of the following general goals:

3. Rear impact
1. Prevention of ejection through doors,

4. Rollover windshield, or windows.

These classifications are reasonable simplifi- 2. Reduction of occupant restraint forces.
cations for typical crash situations; but vehicle
impact point and obijct may significantly affect 3. Reduct,, n of Interir nipact l-njury"
the safety performance. In side impact, for
example, an impacting car that hits the passen.. 4. Maintenance of passenger compartment
ger compartment area may cause severe com- integrity.
partment penetration. The same impacting car
hitting the left rear side of the vehicle is gen- These goals formed the basis for the crash
erally a less severe impact situation. In frontal safety performance criteria of the New York
impact, a 30-mph crash into the rear of a sta- State Safety Sedan.
tionary vehicle of similar design is much less
severe than a 30-mph crash into a rigid barrier Ejection of the occupant from the vehicle
of the Society of Automotive Engineers type [71. was a high-priority area for safety improve-
However, studies of real and potential crash ment several years ago [8]. Studies based on
threats for passenger vehicles have shown that numerous accidents and preplanned collision
certain problems of incompatibility exist that tests show that car doors spring open as a re-
will require changes in the road environment or sult of distortion of the vehicle body and/or
other types of vehicles. It would be impractical actuation of the unlatching mechanism. The
to design an improved passenger safety car to distortion of the aut 'mobile body may be caused
eliminate all hazards during the near term, as by bending of the body outward in side impact,
illustrated by the following examples: by torsional strain in corner collision, or by
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column buckling in rollover. These factors in- accelerations (except for the head and neck).
volvO the complete vehicle as a whole and gon- Statistics collected during the New York State
erally involve large Inertial fnree loadings with Program indicated that, even though 44 percent
the door being literally torn away from its posi- of the accidents are rear-end collisions, only
tlion without unlatching. The actuation of the 7 percent of the fatalities occur in this mode.
door mechanism can be caused by inertial On the other hand, the same data indicated that
forces developed within the door lock system noncollision (single-car involvement) includes
during crash conditions, by bending of the latch only 12% of all accidenms but 09 percent of the
remote rod, by contact of the outside door ban- fatalities. Thus, the addition of adequate head
die with ground or object, or by inadvertent ac- and neck support to minimize the common whip-
tuation by a vehicle occupant. Improvement of lash inj)ury, may be sufficient to reduce the pri-
door lock designs (9], the use of seat belts, and }s'ti of safety improvements for frequently
the redesign of door handles to prevent acci- . repyr--nd impacts. The greatest ema-
dental opening have reduced the present priority ptiiwis, vi.ut be placed on reducing the fatalities
of this important goal. .eeut-tirig tran single-car impact.

Reduction of occupant restraint forces is 1mane side-impact protection is afforded by
concerned with the proper design of an inte- btxz..cet.-type seats, and additional side protection
grated seat and occupant restraint subsystem- can be incorporated either in the seat itself or
The optimum restraint system requires a trade- In the adjoining door panel. In head-on colli-
off between the forces that the occupant will cx- sions with other vehicles or roadside objects,
perience as a result of the restraint configura- however, the seat itself offers little protection
tion and the greater forces that he will generally for the unrestrained occupant who is frequently
experience from abrupt impact with the vehicle accelerated in an arc forward and upward lead-
interior. An unrestrained occupant experiences ing with the head. An auxiliary method of re-
minimal restraint forces at the expense of seri- straint is required to control the deceleration
cue Injury from high decelerations during inte- rate of the occupant in frontal (t60 degree) col-
rnor Impact. Further tradeoffs are required for lisions. This restraint system performance
comfort, accessibility of controls, ease of en- must consider the structural deformation char-
trance and egress, and to maintain the proper acteristics of the forward vehicle structure it-
eye level of the driver for maximum visibility, self. Considerable improvement in occupant

loading is theoretically possible for a properly
The proper choice of restraint system restrained occupant by optimizing the crush or

characteristics to minimize occupant injury is deformation characteristics of the front end for
greatly influenced by the "tuning" relationship forward impact.
between the integrated seat and occupant re-
straint system, the dynamic characteristics of Reduction of interior impact injury re-
the vehicle structure, and the values of the quires a tradeoff with occupant restraint sys-
crash safety performance requirements. The tem forces. A restraint system designed to
restraint system characterlstics are also dic- avoid occupant interior impact will probably
tated by the maximum allowable displacement result in high occupant restraint forces. Proper
ao tue ozcupant within the contines of the vehi- consideration of a deliberately padded dashcle interior. Thus, the optimum restraint sys- panel or collapsible steering wheel assembly

tern for a compact car may well be different must be included in the overall system design
from that for a ful'-size sedan. and analysis of an optimum restraint configur-

ation for the range of occupants that represent
In addition to optimizing the perfornmance the human popuiatkon. Appropriate considera-

of i- restraint system by proper d-s:gn, the tion in vehicle interior design must also be
psychological acceptance of voluntary devices given to the many vehicle occupants who ignore
is a significant area of safety improvement. As the restraint systems provided for their pro-
indicated previously, statistics collected in tection.
Wisconsin indicated that only 52 percent of all
front occupants used seat belts that were avail- After the occupant has been adequately rc-
able. Women occupants used seat belts only 44 strained so that he does not suffer serious in-
percent of the time and this sex disparity in jury from contacting the vehicle interio:- or
restraint use may be greater for shoulder liar- from the restraint system itself, the passenger
nesses because of obvious differences in chest compartmnent must be designed so that the into-
anatomy. rior does not move inward to impact the occu-

pant. This area of safety improvement is gen-
The conventional seat structure offers erally called passenger compartment integrity.

fairly good protection for downward or rearward Problem areas have included the inward motion
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of doors during side Impact, the rearward cylinders. The outer chambers of the shock
movement of the steering column in forward absorbers also function as main structural
impact, and roof collapse during rollover. members of the front atructural system of the

vehicle. Impact forces applied to the front end
of the safety car, at bumper-level, are reacted

PRIORITIES FOR SAFETY by the bumper, and the energy generated by the
IMPROVEMENT forces of impact is partially absorbed by the

displacement of internal fluid passing through a
Priorities for structural crashworthIness variable area orifice as the length of the cylin-

and the proper "packaging" of occupants to der is reduced or compressed In length.
mninimize crash injury were somewhat easier
to establish than those for accident avoidance The bumper is automatically extendable an
because of the existence of a substantial back- additional 12 irt fnrward of the nornial front
ground of accident reports and analyses and boundary of the vehicle. As presently con-
documented crash-test programs. However, ceived, the bumper would be extended ahead of
the variability and imprecision of most accident the safety car at speeds above 37 mph In high-
reports and the general difficulty experienced way traffic. At 37 mph, a circuit is energized
when the necessary variables are not specifi- to activate a linear actuator located between the
cally recorded hamper the analysis of accident midpoint of the bumper and the front crossover I
data to determine the important factors. For beam of tho front structural system of the car.
example, recent data 110] that can be used to The extension of the actuator drives the bumper
establish the statistical distributions of vehicle forward. The twin hydraulic energy-absorbing I
occupants are based on a small sampling and, cylinders stabilize and guide the forward move-
therefore, may change as more data are in- ment of the bumper into its final forward poai- 'I
eluded. However, these accident experience tion. The circuit is deactivated after 12 in. of
data, together with documented crash-test pro- extension, and the bumper system is locked in
grams 1 111 and analyses [ 12], do provide position.
guidelines for the Identification of injury pro-
ducing structure, components, and interior ele- The bumper has the capability to pivot
mente of vehicles, about the forward end of one of the hydraulic

energy -absorbing cylinders and simultaneously
Crash injury data [13,14] that list groups compress the other energy-absorbing cylinder

of injury-producing vehicle interiors are avail- during an unsymmetrical impact st the front
able. These injury levels produced by interiors end of the vehicle. This is called the "swinging
are heavily dependent on the directional crash gate" feature and tends to deflect impacting ob-
situations described earlier. Severe injury jects and pedesteians to the side and away from
from impact with the windshield may occur in the safety ear. Bumper extension and retrac-
frontal collision but is unlikely in rear collision. tion are fiiy automatic for normal over-the-

road operation. A marual override is provided
The available data cai be misleading in two to avoid cycling the system when the car is op-

respects. F.irst, tor cw-,,,te, the sterrngwheel c.rated in a dense trafflc environment where the
has been listed as a most ir-c,_-ent cause of in- preset actuating siped is constantly being
jury, yet the absence of the steering wheel in crossed.
the right front passenger seat in the same
head-on crash situation can produce greater The hydraulic shock-absorbing bumper is
severity of injury by permitting head Impact designed to apply the maximum forces of re-
with the windshield at fatal velocities. Second, tardation as early as possible. The forces are
the data generally available are for unrestrained applied early, in time to absorb the maximum
occupants: the in t erior areas of concern for the energy at the highest velocities and permit the
lap belted or lap-shoulder belted occupants are occupant's restraint system to start the decel-
"ifferent and depend on the trajectories of the eration process sooner ,han in conveniional
occupants under the rest,_int configuration- systems.

The hydraulic absorption of energy is the
FRONT IMPACT SUBSYSTEM most efficient method known in terms of dis-piacement and force. The absurbed energy is

The New York State Safety Sedan has a represented by the area under ihe force-stroke
bumper pozitioned at the extreme front of the curve. Because the hydraulic peak force can be
vehicle and located at a standard height above obtained very quickly compared with the straight
the roadway (Fig. 2). The bumper is connected line rise for typical elastic materials, the en-
to a pair of parallel hydraulic energy-absorbing ergy absorbed by the bumper system can be
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Fig. 2. Extoncdable hydraulic front bumper

greater for a given deflection and partiLularly Deeeain(')=force 1.7721. x 105 lb
for short strokes. For low-speed impacts, the Deelraio Mg)
deceleration forces are lower because they de-
pend on the relative velocity of travel of the two = 33.44 g's.
ends of the bumper syatoan.

This deceleration level is within the known tol-r For the designi concept of the New York erable level for a properly -estrained occupant.
State Safety Sedan, a design goal or a 50 mph
impact head-on into a rigid barrier appeared
reasonable. The fanaibility of a high force hy- SIDE IMPACT SUBSYSTEM
draulic bumper system required investigations
'nto the dynamic characteristics of a bumpor In contrast with frontal collision where the
attached to a typical safety car. occupant has a certain amnount of forward kinetic

energy limE nmust Lbe ditsslpateoq by decoleration, -&
The car waa assumed to have a nkaximum thke occupant dluring the side impact is acceler-

loaded weight of 5300 lb. At an impact speed of ated from rest to some final velocity during the
50 mpl: (080 ln,/sec), tho hyrdraulic systein act.- impact period. The vehicular protection against
ing alone must absorb 5.3165 x 10' in.-ib of side impact must minimize the peak accelera-
kinetic energy. A maximumi hydraulic stroke lion of the restrained occupant, prevent injury

fof 30 In. was considered feasible with 12 In. of on vehicle interior impart, and maintain passen-
stroke associated witli an extension of the ger compartment integrity. C!:,:.panl impact
bumper beyond the normal front boundary of with the vehicle interior must be cushioned by
the car at higher speeds. The average force appropriate design.
required from the hydraulic system was ob-
tained on the assumption of a rigid car as It is evident that the standard form of occu-

pant restraint, that is, a lap belt and shoulder
ore kinetic energy =5.3165 x 10" in.-lb harness,caia not provide adequate restraint dur-

stroke 30 In. ing a side impact. Alhuhtehip arais re-
strained by the belt, the occupant is free to ro-

=1.7722 x 105 lb. 'ate sideways --bout the hip and collide will! the
vehicle wall or window. The addition of a shoulder

The averzge deceleration level that a rigid harness does net help much, because such liar-
car (and rigid occupant) would experience is nessen allow considerable side sway. There-
obtained as fore, an additional side restraint is re-quired.
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The New York Statc Safety Sodan provides The problem of estIm•ting the plastic do-
the additional side restraint by the use of formation of the longitudinal beams, door posts,
energy-absorbing material built into wings on (nd doors of the struck car is one of predicting
the sides of the seats. The inboard wings are the following:
part of the seat while the outboard wings are
built into the door (Fig. 3). This feature per- 1. The percent of the kinetic energy of the
inits easy entrance and egress ior th. driver strikin• car that remains as kinetic energy of
mid passengers. The degree of protection af- rigid body motion immediately after impact.
forded the occupant depends on the energy-
absorbing characteristics and volume of mate- 2. The percent of energy lose as a result
ripl used. It is important to note here that only of friction during the impact.
the plastic deformation of a structure can be
considered to absorb and dissipate energy; 3. The percent of the kinetic energy of the
elastic deformation absorbs energy from a sye- striking car A which is converted to plastic or
tern but then promptly returns an equal amount permanent deformation.
of energy back to the system.

4. The percent of the energy-causing pIls-
The structural protection against passen- tic deformation in the striking car A aid in the

ger Compartment penetration ke provided in the struck car B.
New York State Safety Sedan by means of a thick
door nested into the tlde sill of the platform 5. The percent of the energy absorbed in
which is a large longitudinal thin-wall beam at the struck car B by the longitudinal beams,
bumper height. Both of these structural ele- door posts, doors, and the percent absorbed by
mente are capable of undergoing moderate de- other local structure.
formation without significant cnmpartment
intrusion. In the deformation process, they ab- The procedure is illustrated in Fig. 4 for
sorb a large amount of energy, center-side impact.

4f

Fig. 3 Side inmpact paosengee compartncnt protection
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it clearly neteded tuFt~.better ~redic: aas -A

STRIKIWG CM CAR arAs critical load& anti enery• absnorwhýd fnr ! da Ae-
CI_• _• •M sign verificatu-.n

FKIWIII•lYW IREAR IMPACT T•7SYTEM

The Safetv Sedan has the capability of pre-
-| Iventing serious injury to the occupant when it

nio m struck from behind by a vehicle of similar
MOTION4us4 W ON weight at a speed of 50 mph. In rear impact,

S- as in side Impact, the occupant in the struck

vehicle is accelerated from an initial velocity
SA S T SCr 1RC associated with his vehicle's speed to an in-
SIK [ j T•IKIG STR creased velocity caused by impact. The veloc-

ity increment is the significant parameter so
LGITROUD.NAL that the potential severity of a 60-mph car hit-

i. e , Ir 1 ES • lting the rear of a 30-mph vehicle is the same
-T _•- -- as for a 30-mph car hitting a stationary car,

D•PO+ST I because the relative velvcity would be the same.
ft01,,J04 - In rear impact, the large impact area of the

F -- seat back, when coupled with adequate head re-
straint to prevent whiplash, minimizes the occu-
pant injury potential for this crash situation.
However, the energy-absorbing rear structure

013 l must not result In penetration of the passenger
compartment.

Fig. 4. Conversion of initial kinetic The rear bumper of the Safety Sedan vA. *ps
energy during side impact around the car from wheel opening to wheel

opening. It Is backed up by a perimeter frame
structure over its entire length. The bumper's
principal attachment points are to the rear

Analyris of test results for typical vehicle longerons and the base of the wheel arch.
crashes in the literature [ 11,15J indicates that
up to 57 percent of the initial energy of the im- The rear section connects to the passenger
pacting vehicle can be lost during the collision. compartment "strong box" in such a way as to
Cla•,iccal impact theory suggests that even in absorb major forces of impact, and a trans- J
perfectly plastic impact no more than 50 per- verse bulkhead resists deformation Kno pene-
cent of the initial kinetic energy can be con- tration by typical objects from the trunk or out-
verted "nto permanent plastlc defornmiaion. The side the vehicle. This bulkhead also acts as a
discrepancy of 7 percent can be attributed to rear firewall in case of fire caused by fuel
friction losses in the tires and In internal vi- spillage.
bratiop damp;+;g. The plastic deformation en-

-'rgy loss occurs in the crushing of the front
end of the striking car A and in the crushing of ROLLOVERt SUDSYSTEM
the side of the struck car B. This energy loss
is not equally distributed between the two cars, An occupant of the Safety Sedan is protectedbut depends on the relative stiffness of the in case of rollover by a stiff integrated system

crushing parts. For the Safety Sedan, a distri- o' pillars, rouibars, roofrails, and heavy-gage
bution ratio of 2/3 is reasonable with the roof skin. The purpose of this structurally stiff
smaller value for the side of the struck car B sye]em is to resist the severe roof loading
which will deform much less than the front of without collapsing and crushing the occupant.
the striking car A. Thus only about 20 percent
of the initial kinetic enerav must be abnorbed As the car may be skidding forward and
by the side structure of the impacted car. Es- sideways while in the Inverted position, three
timates of the energy-absorption breakdown for types of loads on the roof have been considered.
major side structure components are indicated First and foremost is the vertical load resulting
in Fig. 4. These esthuates are helpful in pre- from the downward inertia force of the car.
liminary design, but detailed dynamic nonlinear Second is the shear force in the fore-aft direc-
analysis (16-18] supported by actual test data tion caused by friction while the car is sliding
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Sforward on itq rt--)f This introduces a trans- surfaces. and deletU-elized har'ware inatalls-
verte .par load. The third type of load is also tions (Fig 3). Special conidteration was re-
caused by friction, this time as a result of the quired for the driver's position to maintain the
car sliding sideways, and this introduces a lat- proper eye level for optimum vision capability,
eral shear load on the structure. Only a very and to assur,- accessibility to the controls.
stiff structure could avoid collapse under these
combined conditions. The driver's seat in the Safety Sedan Is an

individual seat vith a tubular peripheral frame,
The root structure of the Safety Sedan in- zig-zag springs and foam upholstery cushioning.

corporates four transverse rollbare. The A, B, The seat is attached on its vertical adjustment
C and D pillars (Fig. 5) continue over the top to tracks to a transverse bulkhead at the B pillar
form rolibars. The A pillar is designed of high- (see Fig. 5). This vertical ioun'ing provides
sty -),gth steel to minimize cross-sectional area greater resistance to failure of the seat during

tc ford optimum driver vision. It is then re- collision because the impact forces of the col-
inforced to act as the forward rollbar. The B lision are primarily in the horizontal direction;
pillar is integrated to the center transverse with horizontal mountings, a large beading
bulkhead and is of box section to form the roll- stress may develop, particularly when the
bar structure over the top. The C and D pillars shoulder harness loads are reactrd by the up-
are interconnected, that is, they are spanned by par seat bagk structure. Furthermore, with the
a continuous reinforced box structure and thus seat mounted in the former manner, vertical
become the primary rollover protection element. adjustability is Incorporated Into the seat with-

out reducing the strength of the anchorage.
The four rollbars are joined together and The driver's head support, which has two

stiffened by the roof rails and the heavy-gage inertia reels and the X type shoulder harnesses
roof skin. The side-post structure has a high stored within it, is also r!gidly attached to tV.
degree of "1tumblehomne" or curvature away

degre of"tubiehme"or crvaure waybulkhead. Adjustability is not provided In the
from the vertical. Therefore, the semicircular head support because the seat is vertically ad-
cross section of the Safety Sedan above the belt head uor austhe eat isvticn. ad
line will give the vehicle improved safety per-

support affords protection against whiplash in-
juries in the event of a rear-end collision. It

1. Avoiding high stress concentration at is padded to provide injury protection in all di-
the square corner juncture between the roof and rectione. This includes the possibility of un-sides typical of vehicles, restrained rear seat occupants striking the

front seat head support during a frontal impact.

2. Avoid:ng sudden high rotational or trans- The most satnificant fet're -= i -n.
verse acceleration .t ilia p •,vngtorB caused by safety are that the occupant remain restrained
square corner impacts with ground. in his seat and that the seat remain a controlled I

part of the vehicle during the entire crauh pe-J 3. Avoiding e!ati~c and plast!c deflee•t•ns 1-,0d. Nonuse of , seat belt has been elearly
during roll which can cause the doors to fly established as a prime cause of serious injury
open or jam Abut. or death in cases of accident. A loose or overly

flexitle lap belt can endanger the user by per-
The interior surfaces of all roof structural mitting Impact with the vehicle's interior ele-

members have no exposed edges and are padded ments, by unnecessary amplification of crash
for additional occupant protection. The peri- loads, or by allowing ejection from the vehicle.
scope houning will collapse against the roof un- To function properly, the restraint system useoi
der moderate loads, must be compatible with vehicle characteristics

and with the human factors involved. Forward
The Safety Sedan will withstand the loads impact imposes the greatest forces on the vehi-

associated with a 70-mph uncomplicated roll- cle occopant (50 percent of all injury- and
over without permitting significant deformation fatality-producing accidents are frontal). The
or penetration of the body structure. Safety Sedan has a system of restraints that

arrest the occupant's forward motion with a
minimum of injury and, at the same time, is

OCCUPANT INTERIOR PROTECTION compatible with his need for freedom and com-
SUBSYSTEM fort during the time of normal or accident-free

travel. Rearward impact presents a le3eer
The Safety Sedan interior is designed to problem because the occdpant's back and head

protect all occupants by means of an integrated are impacted against the large, cushioned area

seat and restraint subsystem, force distributing of the seat and head support.
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In the selectin process of an integrated occupant's shoulders to pitch forward at leasnt
restraint system for the Safety Sedan, a wide until his weight is taken up by the lap belt to
variety of restraints against forward impact reduce the likelihood of submarining under the
were examined. The restraint system selected lap belt. This will distribute the high stresses
contains webbing that is Integrally uounted on on the anatomy, thereby avoiding excessive go"
the seat structure; this minimizes the possibil-, on the more vulnerable upper torso and direct-
ity of belts tearing loose and avoids the clutter ing higher decelerations to the pelvic area
and hazards of mountings that are on the floor which can tolerate the higher loadings.
or roof. Throughout the range of adjustment,
the webbing has only a short distance to span The allowable stretch of the belts, however,
between mountings and the occupant's torso, must limit the velocity of contact with the pad-
This means that the occupant can be snugly re- ded cowl, steering wheel, roof, or the rear of
strained, and the poibility of excessive g am- the front seat to velocities within the deformna-
plification is reducco. The lap belts are push- tion design level of the area contacted.
button recoil-mounted at an angle of 50 degrees

with the seat cushion plane. The shoulder Present safety belts will elongate during
straps of X type are mounted integrally within impact from 16 to 40 percent before failure.
the head support and arc on rate-sensitive in- (Society of Automotive Engineers specifications
ertia reels, limit elongation of a shoulder harness to 40

percent.) Owing to the particular characteris-
Inertia reels are spring-loaded take-up tics of webbing currently In use, moat of the

spools on which harness belts are mn3unted. On elongation will be elastic and, therefore, there
impact, or any deceleration equivalent to more will be a return reaction. With large shoulder
than 2 g's, the device will lock ihe belt auto- harness elongation and a high enough g load, It
matically and restrain the occupant from being is possible to create whiplash, when the oceu-
thrown forward; yet normal movements will not pant rebounds into the seat back after a front-
activate the locking mechanisms, so that the oc- end impact.
cupant has relative freedom of movement. The
Safety Sedan uses a nlidtiaxial rate-sensitive A plastic or yielding belt is specified in the
reel that has the advantage of allowing the oc- Safety Sedan to minimize rebound. The yield
cupant to check its working order by a quick properties of the restraint are consistent with
yank on the harness. The headrest-mounted known human tolerance level. Loadings in ex-
reels avoid the severe spinal compression in- cess of human capability will cause the trans-
herent in floor or other low-level shoulder verse bulkhead to yield to keep the impact
strap mouatings. forces within human tolerance levels, that is.

30 to 40 g's.
The occupant restraint system crash loads

are transmitted to the bulkhead so that the seat The other seats in the sedan will be of the
can be lightweight in comparison with rormal same type and basic structure; they will only
safety seat construction; any significant occu- lack the versatility of adiuatment that the drMv-
pant loadings beyond those of normal highway u,-.c.i•c~ nceds for proper vision and reach to
effects will be taken by the bulkhead. The bulk- controls which Is not considered as important
head structure in designed to yield at 80 g's so a factor for the passenger. The passenger
that it wllh yield sufficiently during severe col- seats will still possess adjustability for com-
lisions to keep the occupant loading within tol- fort and accommodation.
erable physiological limits. The Safety Sedan interior Is primarily de-

The harneos-seatbelt assembly is usually signed to redsce occupant Injuries i kit types
thought to restrain a passenger precisely in the of collision when the specified restraints are inseat. This is not true because some stretch use; yet It to recognized that some occupants

will occur; furthermore, the occupant-restraint will neglect to use them. Therefore, every of-
system must be considered as a dynamic sys- fort is made to also protect unrestrained pas-
tern. Tests of vehicle collrlions [ 15 with con- sengers from injury. Occupants who neglect to
ventional seatbelts show that an accelerometer use the restraint system will be aignificantly
on the passenger's hip indicates higher peak safer than in cars of conventional construction
decelerations than one mounted on the chassis. under similar conditions. Specific interior in-
The dynamic response of the seat and restraint jury impact areas have been modified for in-
system may magnify the chassis deceleration creased safety. t
levels and caunse eetbelt loads that exceed
present belt load capability at the higher impact The most severe dwmape is often produced
speeds. The shoulder straps must allow the by lmpanting into rigid, small-area surfaces
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which concentrate impact pressures. Examples th,- base of the windshield. It consists of a

include knobs, hard metal edges, gearshift lev- yielding backup structure covered by foamed

ers, rearview mirrors, and steering wheel hubs. padding.
Rigid fiat areas do not penetrate the body, but
they can generate very rapid deceleration and The front seats form a padded barrier in
often cauee limb or rib fractures as well as In- front of the rear passen'Ters that will not break
ternal damage resulting from a relative internal away under the crash loading by the front pas-
displacement of organs such as the brain, heart. sengers, nor under impact loading by the rear
and viscera. Any reasonably sharp structure passengers. The doors provide the outboard

will lacerate with even moderate Impact for.ze. lateral support and cushioning from the shoul-
Very sharp structures such as open glove corn- der down to the pelvis. They are contoured to
partment doors, broken glass, or rearview mir- provide arm-rest space, and the arm-rest to
rors will lacerate severely with very mild im- itself the door-operating handle.
pact pressures, Based on accident studies, the The wlndrbhold, ac a transparent part of i
instrument panel and associated knobs and con- the "strongbox" concept of automobile safety
trols inflict Lhe greatest number of injuries. In design, is a compromise of conflicting require-
the Gafet- Sedan, the primary d1splay instru- ments. The Safety Sedan win'dhield consists
ments are located along the cowl at the wind- of simple curved surfaces (to eliminate visual
shield asia ure flush with the cowl on crushable distortion) well removed from the seated front
mountings. All controls are flush mounted on occupani position. It is made of laminated glass
crushable structure and are configured to pre- especially formulated to reduce head impact in-
vent injury. The controls are I.ncated on a jury for the unrestrained occupant. This lami-
small console to the left of the stee",r n column, nate consists of thin plies of annealed outer
thus making contact withl tem by passengers glass and a chemically toughened inner glass
and driver unlikely because of the shielding af- with a 0.030-in. thick controlled adhesion
forded by the steering wheel. polyvinyl-butyral interlayer. According to

tests, this glass has less weight and less stiff-
Trh "floor-mounted" gearshift lever is ness- and takes up to three times greater head

countersunk in the transmission hump. Interior velocity to fracture - than the recently intro-
lights are placed flush with the surface of late- duced improved laminated windshield glass
rior cushioning and are covered with flexible used in 1967 vehicles. Other tests indicate that
plastic. Impact injury-producing structures flying glass created by severe impact of this
have been removed from the sphere of contact material is of suchste se hape iPa to cause
with head, shoulders, and chest of the re- minimal laceration.
stralked occupant wherever possible. Where
this is not possible, surfaces and structures The side window area is extensive and re-
are designed to minimize injury potential by quires the use of the best glass characteristics
limiting rigidity to avoid excessive unit pres- available to minimize ejection of the unre-
sures on the body. strained occupant and impact injury from the

0-1nss itself Auoobl sld im--a teats shOw-
The steering wheel accounts for a !arge that, when side windows shatter, some parts of

percentage of driver injuries. It can be d"- the passenger may be forced outside the car and
gerous for both the lap-belted as well as the injured. Use of a proper laminated glass will
unbelted vehicle occupant. In forward colli- help prevent such ejection. In the Safety Sedan,
sione, the steering column may be displaced the side glass is similar to the windshield, ex-
rearward into the compartment or the passen- cept that thinner plies are used for greater re-
ger may be projected forwnrd against the wheel. siliency in occupant impact.

For this reason, the Safety Sedan incorporates The side windows are flush with the padded
an energy-absorbing, collapsible steering col- Terird e to reduce the l i ddof
umn. The steering wheel hub is level with the interior door frame to reduce the likelihood of
rim to provide a broader area for torso con- occupant-injurious contact with frames and door
tact. The wheel rim will deform under impact posta. The interior roof or ceiling area pro-
to match the angle of the upper torso. The cen- vides added head protection with a uniform 3-in.

-ter hub is 10 In, in diameter and padded to re- thickness of energy-absorbent padding under the
- duce chest injuries. The traditional glove com- finished headlining material.
* pArtment is eliminated, and maps, gloves, and

other personal paraphernalia are carvied in CONCLUSIONS
center compartments placed between both the T-Di--
front and rear seats. The traditional dashboard The Eng neering Design and Developmentrg_
is replaced by a controlled-energy-absorbing phase of the New York State Safety Car Program
cowl placed 40 in. forward of the eye point, at has, through a systematized study, created an

optimized configuration for a safety sedan which
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is capaLle of greatly reducing the oeverity :4 New York State has no Immiediate pleAU for
injury that an ocpnwilexperience in a col- continuing with the next phase, "ha of buildifi
lision. The dynamic response of the vehicle and testing prototype stafety sedans. Howeveir,
structure together with the responses oý the In- they have presented the de-signs to the Foderal

suidaddesigned tmiiienru ,caaspart othnaiwdeemphasis o rf
control the magnitude and distribution of the fic safety. The Safety Sedan Is an Important -

loads transmitted to the occupantis, and mini- step forward on the road to greater automotive
mize occupant injury caused by vehicle interior safety; for whether or not the Safety Sudan in

Impact. The occupant who neglects to use the built In its present form, the o~dd are that Its
-'vailable restraint system is also protected to ideas and concepts will effect your oaw of the
a greater extent than in current practice. future.
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DISCUSSION

Mr. Paul (MIT): You put down all these Mr. Meyo- Are you saying that you really
SriertIa Isuc as50 mph frontal impact and 40 have a setofi"n-motlon or In-car descriptions

mph side Impact. What degree of damage to of the environment and you sort of let It go at
the occupant to permitted? Is this keeping him that?
alive, maiming him, or what?

"Mr. Davis: The degree of Injury is called Mr. Davis: No. Some groups, auch as
minor injry. There is absolutely no danger of Corne-l Aeronautical Laboratory, for example,
death. The detailed medical definition of minor have an 11-degree-of-freedom model of a human
injury may b4 listed in the paper. I do not re- in a forward crach impact. The details of the
ca model have taken 3 years to validate finally.

I think the basic approach we took was to look
Mr. Meyo (McDonnell Douglas Corp): Do at approximately what the deceleration level of

you cons1]ar a hanreponel? When you talk a semirigid occupant would be.
about human injury are you considering dynamic
modeals of the head, the neck, and so on? If yen Mr. Bynum (RoeketCyne: 1 tink you left
do, what kind of asrlugs and damping are potu- out Iloe mpor g. Wht dycou this
lated and r.here did you get them ? thing cost compared to say the latest model

Mr. Davis: Frankly, the state-of-the-art, Chevrolet or Ford? How much more would a

particularly In such directions as side impact, production version of this car coot?

- - does not have such models as you refer to. The
basic criterion that we have used to estimate Mr. Davis: This can can be mass-producod
the degrae of injury Is the allowable g level that at a cost in the range of the low-priced three.
human occupant can tolerate. We probably However, I would like to polnt out that this car
have used very simple dynamic models of the is aircoAditioned. If you are going to compare
occupants to estimate what the dynamic re- it with a current car it should, of course, have
sponse of the occupants will be. the same features.
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